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ABSTRACT
This thesis reports the development of a model to explain the electrical properties 
of Si implanted GaAs. The results show that most of the implanted silicon atoms 
occupy lattice sites and are electrically active. The net carrier concentration is 
determined by the relative concentration of silicon atoms on gallium and arsenic 
lattice sites respectively.
The activation mechanism is shown to involve the breaking up of complex defects 
in the form of substitutional silicon with vacancies. The energy required for this 
process is about 1 to 1.5 eV. A lower value of activation energy (about 0.5 eV) 
has also been measured and is suggested to be associated with the site switching 
of silicon from arsenic to gallium sites, when a gallium vacancy diffuses close to 
a silicon on an arsenic site. This process has diffusion energy of about 2.5 to 3.0 
eV. The activation energy obtained from sheet carrier concentration measurements 
corresponds to a combination of the two activation mechanisms. Which of these 
mechanisms is observed in an experiment depends on various parameters, such as the 
implantation conditions, the quality of the encapsulant and the annealing conditions. 
The model can explain the variations in activation energy ( 0.5 to 1.5 eV) reported 
in the literature.
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Chapter 1
Introduction
1.1 Introduction
Ion implantation has become the most important method for introducing doping 
layers in GaAs and related materials for application to devices and circuits. The 
potential of GaAs comes from its intrinsic electrical properties. For instance, its 
high temperature performance due to a wide band gap of about 1.43 eV at room 
temperature [1], and its electron mobility, have made it a very important III-V 
compound semiconductor. Although a great deal of information has been published 
on ion implantation and annealing of GaAs, there is still little understanding of the 
processes taking place during the electrical activation of implanted dopants.
Many ion species have been studied after implantation into GaAs, but the most 
widely investigated n-type dopant is silicon because of its light mass and, con­
sequently, low damage introduction rate. However, as silicon is an amphoteric 
dopant in GaAs, the net carrier concentration is determined by the fraction of silicon 
atoms occupying gallium sites compared with those occupying arsenic sites, which 
depend strongly on annealing time and annealing temperature. This complication 
and other associated parameters, such as, ion dose and energy, dose rate, annealing 
method, encapsulation rnaterial and the nature of the GaAs substrate also play an 
important part in determining the electrical properties of the material. Thus, it is
a very difficult task to model the activation processes as a whole.
Activation models of silicon implanted GaAs has been proposed by several authors 
over the past years [2, 3, 4, 5]. Tiku and Duncan [2] proposed that the ratio of 
the acceptor Si^s to the donor Sioa should be proportional to the ratio of Vas to 
Voa‘ Bindal et al. [3] and Yu et at. [5] also proposed a similar model to that of 
Tiku et ai. Above models, however, do not take into account the fact that the 
active concentration varies with time at the annealing temperature [2]. Vanasupa et 
al. [4] later proposed a model that accounts for the observed effect of temperature 
and time. They suggested that activation can be described by two simultaneous 
processes. One is a kinetic part in nature and describes how the implanted Si 
atoms get to lattice sites which accounts for the time-varying active concentration. 
The other part is thermodynamic and describes the equilibrium between the active 
species Sioa and the compensating species SiAs^
A  theoretical model developed by Morris and Sealy [6] from the study of electrical 
activation mechanisms of various implanted species (Be,Mg,Zn,Sn,Se,S) in GaAs 
began to characterise the dominant activation mechanisms. They suggested that 
gallium and arsenic atoms or vacancies are mobile during annealing and their mo­
tion to interstitial atoms or complexes is the rate limiting process for electrical 
activation. The analysis of their model produces two energies Ed and Ea, the first 
corresponding to a diffusion energy (time-dependent regime) and the second to an 
activation energy (time-independent regime). Their model provides reasonably good 
fit for the majority of the experiment data. However, in the case of silicon implants 
in GaAs the activation energy {Ea) is found to vary widely. To understand why 
this is so, a knowledge of mechanisms in which silicon atoms become electrically act­
ive after post-implant annealing, and any consequences arising from these processes 
is necessary.
It is clear that to malce further progress in the modelling of silicon activation in
GaAs it is necessary to understand the nature concerning the removal of implant 
induced damage as well as other aspects which strongly influence the attainment of 
electrical activity.
1.2 Aims of the Project
The aim of the project has been to develop a simple model which best explains the 
electrical properties of Si implanted GaAs. Due to its amphoteric behaviour, silicon 
in GaAs has a complex ' activation process, involving a number of
parameters which effect the electrical properties. They have to be considered in the 
development of a model, involving, for example; annealing conditions, encapsulant 
materials and associated effects of these parameters. In an attempt to achieve this, 
various experiments have been designed and performed in order to construct the 
mathematical model to best explain such properties. The effect of annealing time 
and temperature on the electrical properties oî S i implanted GaAs is studied. Com­
puter software has also been developed to assist and evaluate various properties and 
their associated effects, such as percentage electrical activation, activation energy 
and carrier depletion width.
1.3 Scope of the Thesis
An overview of ion implantation and the properties oî S i implanted in GaAs is 
presented in Chapter 2 (and also briefly mentioned in this Introductory Chapter). 
Chapter 3 then describes the experimental and assessment techniques used in this 
research work. Chapter 4 presents a mathematical model used in the analysis of 
various experimental results. A summary of numerous experimental data is presen­
ted in Chapter 5. Chapter 6 provides a discussion of important points raised in 
Chapter 5 as well as the discussion of the theoretical model developed to explain
the nature of the electrical properties of implanted GaAs. Finally, Chapter 7 
presents a summary/ conclusion of the work and gives some suggestions for future 
work.
Chapter 2
Overview
2.1 Introduction
There is a great deal of information published on ion implantation and annealing 
of GaASf which cannot be completely covered in this chapter. However, certain 
aspects of ion implantation and annealing techniques, as well as the activation of Si 
implanted GaAs are briefly mentioned in order to establish the background to the 
work of this thesis.
2.2 Doping GaAs by Ion Implantation
The use of ion implantation for doping semiconductors is a well established techno­
logy. For GaAs, it has been widely used in the fabrication of the channel, source 
and drain regions of Metal Semiconductor Field Effect Transistors (MESFETs). The 
main advantages of ion implantation over diffusion and epitaxial growth are: a) the 
ability to control the thickness and doping level of layers by varying the energy and 
dose of the ions with improved uniformity and reproducibility, b) the ability to per­
form selective area implants and c) potential low cost, since ion implantation is a 
rapid and high-throughput process.
In the following sections, a summary of the ion-implantation technique is presented
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along with a brief summary of the properties of GaAs.
2.2.1 Introduction to the Ion Implantation Technique
Ion implantation is the injection of fast moving positively charged ions of a required 
atomic species into a substrate. Ions are produced in a source held at a high DC 
voltage. The ions are then extracted through an aperture held at negative voltage. 
After initial acceleration, the ions are mass analysed to select the required ion spe­
cies. Finally the ion beam is scanned, in a raster-type pattern, over the target, 
where the accumulated charge is monitored as a means of controlling and measuring 
the dosimetry.
Unlike diffusion methods, ion implantation allows independent control over the 
depth of the implanted layer and the concentration of the dopant.
An implanted ion loses its energy by interactions with the host atoms and finally 
comes to rest. Its final position depends on its initial energy and the mass and atomic 
number of both ion and target atoms. The distribution of implanted impurities into 
an amorphous target has been predicted by Lindhard [7] to be roughly a Gaussian 
distribution, which can be described by the most probable range normal to the 
surface - called the projected range, Rp, and a standard deviation, ARp. Thus, the 
distribution of the implanted atoms N (x) can be written as:
Where, x  is the perpendicular depth into the substrate and No is the ion dose. The 
peal< concentration occurs at Rp and is given by
Several calculations and measurements of Rp and ARp have been made (Gibbons
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[8], Ziegler [9]), as well as computer simulations (TRIM [10], PRAL [11]). Thus, it 
is fairly simple to predict the distribution of implanted impurities for a given ion 
dose and energy. Unfortunately, for crystalline targets, processes such as radiation 
enhanced diffusion or channelling, result in the profile developing a deep tail. Nev­
ertheless, real profiles are better described by mathematical functions such as the 
joined half-Gaussian [12] or Pearson distribution rather than the simple Gaussian 
distribution.
The channelling effect can be a problem when the ions are implanted parallel to a 
major axis or plane. This effect can be minimised by tilting the target crystal axis 
by about 7° from the beam axis. However, a small proportion of the incident ions 
may still be channelled leading to a ’tail’ on the implanted profile.
After implantation the semiconductor lattice will not only be damaged, but in ad­
dition, there will remain a nonuniform distribution of lattice displacements. An 
annealing stage is thus required in order to remove lattice damage. There are sev­
eral techniques for removing damage and activating the implanted impurities but 
these will be discussed later in this chapter. A further processing technique is re­
quired for compound semiconductors, such as GaAs, which dissociate during high 
temperature anneals (> 600®G ). Encapsulation and other techniques to limit de­
composition are employed by many researchers which will be reviewed in 
section 2,3 .  2.
2.2.2 Donor and Acceptor Species in GaAs
Implantation of n-type dopants in GaAs has received more attention than that of 
p-type dopants. One reason is that the formation of p~ type layers is more straight­
forward than for n-type layers and high activation can be achieved at a higher dose 
level for p-type dopants compared to that of n-type dopants. A summary of most 
popular dopants of both donor and acceptor species in GaAs is given in table 2.1.
Ion Comments
(a) Donors
Si Good activation for RT implant, amphoteric but mainly donor.
Se Good activation for low dose, RT implant.
S Diffuses rapidly during anneal.
Te Poor activation for RT implant.
Sn Amphoteric, diffuses during anneal.
(b) Acceptors
Be Good activation at low temperatures, getters to surface during RTA. 
Mg Good activation, getters to surface during RTA.
Zn Reasonable activation.
Cd Reasonable activation, diffuses during implantation.
C Amphoteric.
Table 2.1: Implanted Species Characteristic in GaAs (Ref.[13]).
For most device applications n-type regions are formed by Si ion-implantation.
Co-implantation of silicon with other ion species has received considerable attention 
since better electrical activation can be achieved by this method. For example, it 
has been shown that the co-implantation oî Si-\-P  effectively increases the activation 
efficiency [14]which could be attributed to the decreased occupation of arsenic sites 
by silicon[15] through the reduction of the arsenic vacancy concentration, therefore 
an increase in the concentration of gallium vacancies.
2.2.3 Si Implantation in GaAs
Silicon is the most widely used n-type ion species used to dope GaAs. Davies et 
a/. [16] have reported a comparison between group IV and VI doping species and 
Woodcock et a t [17] have also reported a comparison between Si and other donor 
impurities. Lee et a t [18] reported a high electrical activation of S i implanted at
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room temperature, and observed that the as-implanted profiles were approximately 
Gaussian with measured profiles agreeing well with the theoretical values calculated 
by Gibbons et a t [8]. Further studies by Onuma et a t [19] showed that carrier con­
centration profiles near the peak were approximately a symmetrical Gaussian shape 
for implantation energies below 300 keV and were asymmetrical if above 400 keV, 
and the range parameters obtained from carrier concentration profiles were also in 
good agreement with the theoretical values.
Tandon et al. [20] have shown that for low dose implants, high electrical activation 
could be achieved. However, for high dose implants, the activation was poor and the 
electron concentration profile was nearly flat. Liu et a/. [21] have also shown that the 
activation efficiency varies between 40 and 90 % in the dose range between 3 x 10^  ^
and 5 x lO^^crn"^ and decreased toward the high dose level.
Megavolt ion implantation has also gained much attention. Sen et a/. [22] has repor­
ted a significant difference of deep level characteristics of MeV implants from those 
of keV implants. They reported that MeV implants have a buried active layer with 
good transport properties.
In summary, the carrier profile of S i implanted GaAs is essentially Gaussian in 
shape and no significant diffusion occurs up to annealing temperatures of 920^0. 
The activation for low doses (10^  ^— lO^^cm"^) is high (> 40%) for either rapid or 
furnace annealing, whereas at high doses (> a saturation in activation
occurs at values of 1 - 10% [13] (See figure 2.1). It has also been observed that 
there is an optimum annealing temperature of about 900^G [20] and a practical 
limit of 2xl0^®cm“  ^ [23] in peak carrier concentration probably due to the onset of 
amphoteric behaviour.
SI 200 keVRoom Temperature Implant 900"C, 10 s Amieal
g 10
Ion Dose (cm *)
Figure 2.1: Activation efficiency of Si in GaAs for an annealing temperature of 
900°(7 for 10 seconds, as a function of Si ion dose. Ref[13]
2.2.4 Electrical Compensation
The optimum activation depends on ion dose and annealing conditions, and arises 
because of the amphoteric behaviour of silicon, i.e. it is a donor when occupying a 
gallium lattice site and an acceptor when occupying an arsenic site. Two different 
aspects of compensation will be presented here.
It has been observed that above a certain atomic concentration (dose), the percent­
age activation saturates. It is argued that some of the silicon atoms begin to occupy 
arsenic sites rather than gallium sites (Sioa) when the silicon concentration
is raised above about 10^®cm“ .^ Figure 2.1 shows the sheet carrier concentration 
for room temperature(RT) implants as a function of ion dose which clearly demon­
strates that the activation saturates beyond a dose of about 10 '^*cm“ .^ Several 
authors[24, 25, 26] suggested that this effect is related to damage accumulation dur­
ing ion implantation. The effect of dose rate on electrical activation will be presented 
later.
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In addition to the above effect, many researchers have reported that there is an 
optimum degree of activation which depends on annealing temperature. That is, 
the activation reaches a maximum at an anneal temperature of around 900°C and 
decreases at higher temperatures [27]. This effect is thought to be due to the transfer 
of silicon atoms from gallium to arsenic sites at high anneal temperatures, thus there 
is a reduction of electrical activity through electrical compensation.
In addition to the compensation mechanisms above, other defects are likely to form 
such as self-compensating pairs {Sica ~  S îas) and complex defects with vacancies, 
(Sioa — and (Szas ~  Vas)-
The self-compensated silicon pairs {SiQa — S îas) was first proposed by Skolnik [28] 
using an infrared absorption technique to observe the Localized Vibrational Modes 
(LVM) of Sioai SÎasi and (Sica ~  S zas) defects. Subsequent studies [23, 29] also 
support the idea of silicon pairs for samples with low activation. Further studies 
by Nakamura [30] reveal that the LVM due to silicon pairs appears clearly after 
annealing at temperatures higher than 700°C. They concluded that silicon pairs 
(Sioa — Si As) make no contribution to the generation of carriers. It is still not clear, 
as yet, as to the role of each of the above mentioned defects in the axztivation process.
The presence of anti-site defects has been suggested to strongly effect the electrical 
activation, especially gallium antisites {GaAs) formed during capless annealing tech­
niques. Hiramoto et al [31] suggested that by employing this technique, the reduc­
tion of sheet carrier concentration at temperatures above 900°C is due to arsenic 
losses , thus, the active layer becomes gallium rich. It is likely that more gallium 
atoms occupy arsenic sites under these conditions which may give rise to electrical 
compensation.
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2.3 Effect of Implantation Conditions on Elec­
trical Activation
As mentioned earlier, a post-implantation annealing process is required to activate 
the implanted ions and with GaAs, the surface decomposition must be prevented. 
In the following sections, a summary of various annealing methods and the effect on 
electrical activation will be presented along with the encapsulation techniques and 
other processing parameters such as dose rate and stoichiometry.
2.3.1 Annealing Techniques
In order to activate the implanted dopants, the GaAs wafers must be annealed at 
a high temperature. Conventional furnace annealing processes need considerably 
longer times to activate the dopants. In general, to recover the lattice order and 
to enable the dopant atoms to find substitutional sites where they are electrically 
active, implanted GaAs would need to be heated to a temperature in the range 
of 800 to 950°C for times of 15 to 30 minutes. Rapid thermal annealing (RTA) 
is superior to conventional furnace methods due to the shorter annealing time used 
which decreases diffusion and gives better control of the electrical activation process. 
Also, it was reported by Gill [32] that furnace annealing results in a broader and 
fiatter profile than rapidly annealed samples with some redistribution oï S i atoms. It 
was demonstrated that the higher the temperature the better the electrical activation 
at the near surface up to an optimum temperature. The broadening of carrier profiles 
when comparing furnace anneal and RTA was also observed by Gray and Parsey 
[33], but it was reported that furnace annealing yielded better mobility and sheet 
resistivity over RTA. Wilson et al [34] reported that employing ihe kJA fee limine hù$ 
resulted in reduced damage to the substrate and encapsulant during annealing and 
higher mobilities in the implanted layers. They further reported that the uniformity 
of fabricated devices on rapidly annealed wafers has been as good or better than on
12
furnace annealed wafers.
Despite the obvious advantages of RTA over conventional furnace annealing, there 
are various problems which need to be taken into consideration. The measurement 
of sample temperature during RTA is not straightforward and can have a large 
error. For a given piece of equipment, however, the reproducibility of the sample 
temperature can be exceptionally good.
2.3.2 Encapsulation
In ion-implanted GaAs, annealing at a temperature above 600°C is required in order 
to activate the implanted impurities and to remove the lattice damage. Therefore, 
one must find a way to minimize decomposition of the samples. Encapsulation is 
a technique widely employed by many researchers to limit decomposition during 
annealing.
The first successful encapsulant reported for protecting GaAs surfaces was Si02  
[35]. It is easily deposited by sputtering, or by Chemical Vapour Deposition (CVD). 
However, it was found from Auger analysis that gallium and arsenic out'dif^used into 
the S 1O2 [36, 37], and that S i from the Si02  indiffused into the GaAs at annealing 
temperatures above 800°(7 [38]. As a result, the GaAs surface decomposed and 
degraded, considerably affecting the doping efficiency. These problems were also seen 
with Si^N/^ [37] and SiO^Ny [36] encapsulants. However, low-oxygen content Si^N/^ 
can alleviate the gallium outdiffusion problem as well as retard arsenic outdiffusion 
and oxygen indiffusion. These factors have made Si^N^ the most widely used cap 
which has gained much popularity in recent years over SiO^Ny and AIN.
The effects of encapsulation materials on the carrier concentration profiles of 6^% 
implanted GaAs studied by Onuma [19] revealed broader carrier profiles with Si02  
encapsulants, as the annealing temperature increases, compared to Si^N 4 and cap-
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100.0
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1050.0
Figure 2.2: Electrical activation dependence for 150 keV, 7xl0^^cm“  ^ Si implants 
in GaAs on annealing temperatures, for three types of encapsulants {Si02, 
and SiOxNy). Ref[40],
less annealing. It was suggested that more Ga vacancies can be introduced in the 
samples annealed with S i 0 2  caps than in samples annealed with Si^N^ caps or by 
a capless technique. Since implanted S i becomes a donor by occupying Ga sites, 
S i atoms are considered to be accommodated more easily in GaAs containing an 
excess of Ga vacancies. Such broad profiles obtained with Si02  caps might be due 
to the enhanced diffusion caused by the increased Ga vacancy concentration. Also, 
the comparison between SiO^Ny and Si02  by Palmetshofer [39] revealed similar 
results.
Although these results suggest that is superior to Si02y nevertheless,
Kuzuhara [40] reported that a SiO^Ny encapsulant yielded a higher activation than 
SisN^ and SiÜ 2 encapsulants at higher annealing temperature which is shown in 
figure 2.2.
The use of capping materials, however, can result in stress-induced diffusion of the
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implant dopants [41] as well as the possible interdiffusion between the film and 
the substrate. An alternative approach is a capless method which eliminates the 
need for an encapsulant. Proximity [42, 43] annealing is a method in which two 
samples are placed face to face during annealing. In this case, the partial pressure 
of arsenic evolved from the samples and contained in the small volume between them 
is sufficient to stop gross decomposition. Similarly, another passivation technique 
suitable for GaAs at temperature as high as 900"C is that of annealing in an arsenic 
vapour over-pressure sufficiently great to prevent evaporation of arsenic [44, 45, 46]. 
Such a technique does not require the samples to be placed face to face. However, 
in the controlled atmostphere technique, variations in the arsenic overpressure do 
not only cause surface degradation but may also alter the activation efficiency of 
implanted ions [47]. In the proximity annealing method, separation of the two wafers 
after annealing can be a problem.
2.3.3 Dose Rate
After implantation, the annealing process is employed to remove radiation induced 
damage and thermally transport dopant atoms to lattice positions where they be­
come electrically active. Full activation is desirable but is seldom achieved. For low 
dose (5 X  various annealing techniques can result in activation of more
than 80% [21], but at higher dose the activation level and the mobility generally de­
crease [20]. At dose of 10^ "^ cm~^, the reported activation varies widely [23] and has 
been seen to depend strongly on the specifics of the post-implantation processing.
For a dose of 10^ "^ cm“  ^ Moore [24] reported that electrical activation depends 
strongly on the dose rate. The samples annealed at 850®<7 and 900®C, capped 
and furnace annealed, revealed a large decrease in activation with increasing dose 
rate at current densities between 0.05 and 1.20 fiA  and the dose rate behavior 
appeared to reach a maximum at 0.05 fxA cm~^j with lower activation below this
15
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Figure 2.3: The sheet carrier concentration is shown as a function of implant tem- 
peraiure for two different dose rates,, Ref[25]
value. They suggested that the variation in electrical activation is the result of dose 
rate dependence of the ion-induced damage detected from Rutherford backscattering 
measurements.
Further studies by Haynes and Holland [26] confirmed the effect. They concluded 
the existence of a dose rate effect on damage accumulation, which identified two 
stages; an initial stage in which the damage appeared to saturate temporarily at the 
level of 0.4 x follow by a second stage of more rapid damage accumulation.
It is the second stage for which the damage is sensitive to dose rate. Subsequent 
experiment by Haynes et al. [25] reported the effect of implantation temperature 
and dose rate on electrical activation as shown in figure 2.3.
A recent study by Jasper et al [48] has shown an interesting but complex crossover 
effect in the activation efficiency with dose rate, the efficiency increasing with the 
dose rate at low doses but decreasing with the increase in dose rate at high doses 
of greater than 2 x 10^^cm“ .^ Later study by Kotani et al [49] suggested that defect
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complexes involving silicon are probably responsible for the changes in electrical 
properties with the implantation dose and dose rate. A similar conclusion was made 
by Kanayama et al. [50] that the formation of defect complexes with implanted 
impurities supresses the electrical activation efficiency.
2.3.4 Implantation Temperature
Implantation temperature has also been demonstrated [51] to be a major factor 
in the electrical activation. It is believed that implantation damage is reduced at 
higher implantation temperature. Haynes et a t [26] have reported that damage ac­
cumulation during implantation is extremely sensitive to the implant temperature 
especially at higher doses (figure 2.3). They noted that because the transition tem­
perature of damage is so near to room temperature (RT), it is important to maintain 
extremely good temperature control in order to obtain reproducible results for im­
plantation of GaAs at RT. They also demonstrated that the damage produced by 
RT implantation exhibits a strong dependence on dose rate. Their results agreed 
well with the model proposed by Morehead and Crowder [52].
2.3.5 Stoichiometry
One of the parameters which may be critical in determining implant activation is the 
stoichiometry of the semi-insulating(SI) GaAs. It is generally known that SI GaAs 
grown by the liquid encapsulated Czochralski method (LEG) is arsenic rich and the 
compensation is due to the formation of arsenic antisite defects, Asoa- These defects 
produce a deep level near mid-gap which compensates residual dopant impurities in 
the crystal.
Sato [53] reported a strong dependence of electrical activation on stoichiometry in 
Si implanted layers. The electrical activation efficiency is found to increase and then 
saturate as the crystal becomes arsenic-rich. This tendency is independent of the
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annealing procedure. Neida [54] also observed that the activation efficiency ranged 
from 26% for the 47.5 at % arsenic material, to 91% for the 65 at % arsenic material. 
They suggested the cause of the increased donor activation in arsenic-rich material 
is the preferential occupation by silicon of gallium sites.
2.4 The Activation Model
S i activation in GaAs has been the subject of several studies in recent years. One of 
the systematic studies was done by Tiku et al. [2]. Similar findings have also been 
reported by Nozaki[55], that is, lattice damage increases with increasing dose, the 
optimum anneal time-temperature product was expected to increase with increas­
ing dose. Tiku [2] proposed that the decrease in activation at temperatures above 
the optimum annealing temperature can be explained by thermodynamic consider­
ations, due to an increase in S i self-compensation. It was also proposed that under 
equilibrium conditions, the concentration of S i on Ga sites and S i on As  sites was 
related to the corresponding vacancy concentrations. It has been concluded that, 
at low temperatures. S i activation was kinetically limited. At high temperatures Si 
starts to prefer As sites, because of thermodynamic reactions. The overall activa­
tion behavior of Si in GaAs is a competition between kinetic and thermodynamic 
factors.
Bindal et al. [3], however, approach the problem differently. They propose that 
activation efficiency is a product of three factors: a) the effect of annealing temper­
ature on the equilibrium between Si interstitials and Voa and b) the amphoteric 
nature of Si and c) the balance of Si^s and Sioa in the equation
Si’Ga T ^As ^  S i As T  Voa (2.3)
Their model predicts that activation reaches a maximum around 850^C and is less
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Figure 2.4: Schematic activation curve as a function of time proposed by Vanasupa 
et al. [4].
for higher and lower annealing temperatures.
Vanasupa et at. [4] proposed a model consisting of a two-part activation mechanism as 
shown in figure 2.4. First, the kinetic part which describes how implanted S i atoms 
get to lattice sites, this part accounts for the time-varying active concentration. The 
other part is thermodynamic which describes the equilibrium between the active 
species and the compensating species. The model provides a reasonably good fit 
for a majority of the implanted profiles. It is also concluded that activation can 
be described by two simultaneous processes. During the initial stages of annealing, 
implanted Si atoms react with vacancies to form Sica donors and SiAs acceptors. 
The rate at which this reaction takes place increases with increasing temperature. 
Once all implanted S i atoms occupy lattice sites, the extent of n-type activation is 
controlled by the balance between the Sioa donor and the SiAs acceptor. The ratio 
of these species is set by the temperature. Higher annealing temperatures result in 
lower equilibrium activation.
However, the study of the distribution of vacancy-like defects by Lee [56] using a 
slow positron beam technique, reported that the electrical activation of S i implanted
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GaAs does not involve the recombination of interstitial silicon with substitutional 
vacancy-type defects, but involves instead the exchange of interstitials with substi­
tutional gallium.
Thus, there are two representative models to describe activation behavior of Si 
implanted GaAs. The first mechanism is that the implanted S i atoms are locally 
redistributed to vacant lattice sites during annealing, as shown below:
Si{-\- Vca ---  ^Sioa (2.4)
and the second mechanism is the exchange of interstitial S i with substitutional Ga:
Sii Gaoa — y Sioa +  Gai (2.6)
However, it is not clear which of these two mechanisms is most likely to occur. It 
may be possible that both processes exist, but, one process might predominate.
Morris and Sealy [6] studied the annealing kinetics of various implanted species in 
GaAs to characterise the dominant activation mechanisms. A theoretical model 
was developed which fits the whole of the data in both the transient and time- 
independent regimes. The full expression for the activation data with time, t and 
temperature T is:
N{t) oc N p e - ^ l l  -  (2.6)
where N(t) is the sheet carrier concentration, N d is the ion dose, K ' is a constant 
and Do is the pre-exponential diffusivity value, Ea is a characteristic activation 
energy and is an effective diffusion energy. At the longer annealing times, the 
above equation predicts that the electrical activity eventually reaches a saturation 
value, which is defined as D(T'). Thus in the saturated activity region:
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Y ,(T )  oc N o e - ^  (2.7)
which permits the determination of Ea. The magnitude of Ed is found from plotting 
ln f( t ,T )  against ^  where
f ( t jT )  — ln[- N(ïf] (2-8)
A characteristic activation energy deduced from the above equation is shown to vary 
widely. Nevertheless, it has been suggested that the low value activation energies of
about 0.5 eV [57, 58] are related to the energy required to place an interstitial atom 
on the substitutional lattice site. The larger values of about 1.0 - 1.5 eV [59] may 
correspond to the energy required to break-up a complex defect of the dopant with 
a neighbouring vacancy, i.e., Sica ~
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Chapter 3 
Experimental Techniques
3.1 Introduction
This chapter describes the experimental and assessment techniques involved in this 
research work. It is divided into nine sections each presenting the basic theoretical 
concepts underlying the technique as well as containing a brief discussion of the ac­
tual experiment procedure. The chapter follows the sequence of experimental step 
from starting material, ion implantation, encapsulation, annealing, up to measure­
ments performed on the material.
3.2 Starting Material
All the material used in this work was (100) semi-insulating gallium arsenide grown 
by the liquid encapsulated Czochralski method (LEC). Ion implantation was per­
formed into the virgin material with the exception of the 200 keV single energy 
implant which was performed through a thin silicon nitride encapsulating layer.
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3.3 Ion Implantation
Two ion implantera were used to produce the samples described in this work. For 
flat dopant distribution multi-energy implants, the 2MV machine was employed. 
Single energy and flat damage multi-energy implants were performed on the 500kV 
heavy ion implanter. The following is a brief description of work performed on the 
500 kV implanter.
The implanted species was obtained from SiFi in a hot cathode Penning ion 
source. The positive ions which are generated in the ion source are extracted through 
a potential of 20 kV into the Einzel lens where beam focusing takes place. The ions 
are then accelerated to their target potential via the acceleration tube. Mass analysis 
is performed using the electromagnet and electrostatic plates are used to raster scan 
the beam on the target. The implant dose is monitored by integration of the charge 
incident on the target during implantation. The normal to samples was inclined at 
7° with respect to the beam to avoid ion channelling. Secondary electron emission 
was suppressed by the application of -250 V between the sample and ground. The 
whole wafer was implanted typically using a beam current density of 0.005 /zA cm~^. 
The temperature was ambient in all cases.
After implantation the implanted region of each wafer was subsequently cleaved 
into smaller specimens on which various anneal treatments and experiments were 
performed.
3.4 Encapsulation
Ion implanted material requires subsequent processing at high temperature in order 
to regrow the radiation damaged crystal and incorporate the implanted dopant into 
the correct lattice site. In most cases this process requires temperatures in excess
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of 600°C. Therefore, one must find a way to minimize vapourisation of the samples. 
Consequently, it is necessary to deposit a thin dielectric layer on the surface of 
the sample to maintain the stoichiometry of the material and to act as a barrier 
to out diffusion of either the implanted impurities or the host atoms (See section 
2.3.2). Encapsulation is a technique widely employed by many researchers. Most 
of the material in this work was encapsulated with Plasma Enhanced Chemical 
Vapour Deposited (PECVD) silicon nitride after the implant was performed with 
the exception of single energy implant at 200 keV. In this case the cap was deposited 
before the implant was performed.
In the conventional CVD method, silane and ammonia decompose at a high temper­
ature within the chamber, depositing silicon nitride layers on the substrate according 
to the following reaction:
SSiHi +  4NHs — > %iV4 +  12^2 (3.1)
This process requires the sample to be heated to temperatures of at least fiOO^ C. 
In the PECVD process used for the samples in this work the reactants are formed 
into a plasma above the sample which allows the growth temperature to be reduced 
to about 300^C. At this temperature about 500 Angstrom of silicon nitride was 
deposited in about 15 minutes. Ellipsometry was used to measure the thickness and 
refractive index of the deposited layers.
3.5 Annealing
In order to activate the implanted dopants, the GaAs samples must be annealed at 
a high temperature. The difference between the conventional furnace annealing and 
rapid thermal annealing (RTA) is the time and rate of temperature rise to desired 
temperature as shown in figure 3.1. RTA has the superiority over conventional
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Figure 3.1: Schematic of temperature response of rapid thermal annealing versus 
furnace anneal (not to scale).
furnace methods due to the shorter annealing time used in the experiment. All 
the annealing in this work has been performed using a double graphite strip heater 
under N2 gas flow in order to reduce oxidation of the graphite. A schematic diagram 
of the double strip heater is shown in figure 3.2.
Figure 3.2: Schematic diagram of the double graphite strip heater.
The anneal temperature was controlled via the feedback from the optical pyrometer, 
which was calibrated by melting small pieces of gold and silver on the graphite strips. 
The power supply to the heaters was from 100 A transformer operated at 10 volts, 
which resistively heats the graphite.
The samples were sliced into smaller samples of approximately 4x4 mm prior to 
the annealing process and then were placed between the two graphite strips. The 
chamber was then evacuated to about 10”  ^ torr before being backfilled with nitrogen
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gas. The anneal was then performed in flowing nitrogen. A typical temperature 
curve is shown in figure 3.1, which shows the rise time to temperature is about 5 
seconds [59] and the dwell time was varied between 10 and 1000 seconds.
3.6 Hall Effect Measurements
Carrier and mobility depth profiles of each sample were obtained through the com­
bined use of the chemical-layer-removal technique and the Hall effect method. The 
measurement of resistivity and Hall effect based on Van der Pauw method [60] is 
shown in figure 3.3.
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Figure 3.3: Resistivity measurement.
The resistance of two adjacent pairs of contact is shown below:
Ri = ^  (3.2)^1,2 2^,3
These measurements are repeated with the current reversed to eliminate the effect 
of contact resistance. The sheet resistivity can be expressed by:
7T
Ps ln2 F  (3.3)
where F  is a correction factor, which is a function of Ri and which tends towards 
unity for a symmetrical sample.
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The Hall coefficient is estimated by measuring the voltage ^3,1 with and without 
an applied magnetic field, B, perpendicular to the sample surface. The change in 
voltage detected is the Hall voltage, Vh- Therefore, the sheet Hall coefficient 
can be expressed by:
^Hs — (3.4)
where I  is the current. The sheet carrier concentration, iV^ , and sheet mobility, /is 
can be calculated from:
qRHi P’S ---
R hs (3.5)
where q is the electronic charge, and r, is the ratio of the Hall mobility fig to the 
conductivity mobility /i, which is assumed to be unity.
The volume carrier concentration and mobility profiles can be achieved by successive 
layer removal techniques and measurements of sheet resistivity and Hall coefficient. 
The number of carriers, 7V^, and their mobilities, ni, for the layer can be calculated 
as follows:
Ni
1Psi Psi+i
qXifM (3.6)
Pi _  I Ph ^«i+11 1 '
I f ' f
where Xi is the thickness of the layer removed.
(3.7)
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Figure 3.4: ’’Clover leaf’ shaped sample used for the Hall effect measurement.
3.6.1 Sample Preparation
After the annealing process, the clover leaf shape was defined by sand blasting 
around a metal mask placed on the sample and secured with black wax (Figure 
3.4). After sandblasting, the sample was cleaned in boiling toluene, after which 
the encapsulant was removed in 40% hydrofluoric acid and the sample was finally 
washed in deionised water. Ohmic contacts were formed by alloying tin dots to the 
surface of the implanted layer. This process was performed in a reducing atmosphere 
of forming gas at a temperature of about 300* C for about 2 minutes. The linearity 
of the I-V characteristics of the contacts was checked using a standard transistor 
curve tracer before proceeding to the next step. The sample was then mounted on 
a printed circuit board with black wax and electrical contact was made using high 
conductivity silver paint from the board tracks to the sample. Black wax was used 
to paint over the board and sample leaving only the small area around the pattern 
which would be etched.
3.6.2 Layer Removal Technique
The fully automated Hall Profiler system BioRad HL5900+ was used in this study. The 
physical principle underlying the layer etching method used in this system namely, 
anodic oxidation is discussed below.
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Figure 3.5: Anodisation Procedure.
The basis of the method is an electrolytic bath in which the immersed sample acts as 
the anode and the cathode is a carbon electrode (figure 3.5). A current flow through 
the electrolyte leads to the formation of an oxide on the surface of the sample. The 
oxide thickness is a function of the potential difference between the sample and 
the electrolyte. At t = 0  a constant current is applied to the circuit formed by the 
sample, the electrolyte and the carbon electrode. The voltage across the anodizing 
cell is allowed to increase until the specified voltage is reached. Then the control 
circuitry switched to a constant voltage mode and the current allowed to decay.
3.6.3 Measurement Errors
A number of errors must be considered when this measurement technique is em­
ployed, most of which are briefly discussed here, except the air-semiconductor de­
pletion which will be discussed in detail later in the next chapter.
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Electrical Measurement
The measurement accuracy and depth resolution are limited by the accuracy to 
which the sheet resistivity and Hall coefficient can be estimated. In order to keep 
the scatter in the final results below 10 % Stewart et al. [61] have calculated that 
the change in sheet resistivity must be greater than 0.9%. The depth resolution is 
therefore limited by this requirement. Nevertheless, changes in sheet resistivity of 
5 to 10 % after each etch step for samples profiled in this work are typical, thus, 
resolution in the measured data should not be a serious problem.
Hall Scattering Factor
In all measurements the scattering factor (r) has been assumed to be unity. The 
actual value, however, depends on the impurity concentration and the dominant 
scattering mechanisms present in the sample. However, recent studies by Look et 
at. [62] for carrier concentrations ranging from 2 x 10^ ® to 7 x 1 0 ^ found that 
the electron and hole scattering factors are near unity. As most of the results from 
this study fall close to that range, the assumption that the scattering factor is unity 
should not lead to a large error when carrier profiles of similar concentration are 
compared.
Etch Rate Calculation
The etch rate calculation assumes that each etching process is independent of the 
carrier concentration and damage present in the sample. The total etched depth is 
measured using a Rank Taylor and Hobson Talystep, the error typically being 5%.
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Aîr-Semiconductor Depletion
The Hall measurement technique assumes that the current is uniformly distributed 
throughout the layer. However, a depletion layer exists at the air-semiconductor 
interface. When profiling is attempted the estimated etch step will not be an accur­
ate measurement of the depth change between the sheet values unless the depletion 
depth is accounted for, thus leading to an inaccuracy in the determination of the 
profile. Simulation work has been performed to obtain more accurate data which is 
presented in chapter 4.
3.7 Photoluminescence Technique
Photoluminescence (PL) has been accepted to be a powerful technique for the study 
of shallow optically active defects in the implanted layer. However, the interpretation 
for some of the PL spectral lines of S i implanted GaAs is not yet clear. A summary 
of the interpretation of PL spectra for Si implanted GaAs at 4 K is shown in table
3.1 below.
Photon Energy (eV) Transition Ref
1.512 D ^ X . A ^ X [31]
1.492 Sioa ~  (^Aa [3, 31]
1.485 G S t ^ s [31, 63]
1.460 LO of 1.492 [3, 31]
1.44 G a ^ s [3, 31, 15]
1.40 [3, 15]
1.36 Sica — Voa [64]
1.0 S iG a  S i^ s [65]
Table 3.1: Photoluminescence spectra for Si implanted GaAs at 4 K.
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The near-band-edge emissions generally consist of two dominant bands which are 
probably attributed to the neutral donor bound exciton {D^X) at 1.515 eV and the 
neutral acceptor bound exciton at 1.513 eV. The main acceptor related bands
around 1.492 eV are due to residual carbon, Cas- Hiramoto et al. [31] and Bindal 
et al [3] have attributed this band to a neutral donor to acceptor (Sioa ~  Cas) pair 
transition. And the band at 1.494 eV has been attributed to the conduction-band 
electron to neutral-acceptor (e — Cas) transition by Yu et al [5]. This transition is 
also detected by Sugitani et al [66] in the 1.49 eV range.
The peak at 1.485 eV observed by Hiramoto et al [31] was also detected by Farley 
et al [63] at 1.48 eV. These authors attribute this signal to a silicon acceptor, S ias  ^
transition. The 1.44 eV peak is generally attributed to the Gûas antisite [31, 3], 
but Farley et al [63] suggest that the peak observed in their studies is not related to 
GaAs antisite but to a donor. However, this peak was later attributed to GaAs by 
several authors[67, 68]. Additionally, Bindal et al. suggest that the 1.44 eV peak 
which appears at 1.449 eV at high implant fluences, originates from the Gai — S ias 
radiative recombination or from (7%-related complex.
Nevertheless, Marrakchi et al. [15] later concluded from their results that the peak 
was due to GaAs‘ Jeong et al. [69] and Itoh et al. [70] proposed that the most likely 
donor in the 1.40 eV emission band was Vas- Pomrenke et al.[7l] also observed the 
similar band and suggested that the donor in this band might be either Vas or Ga*, 
depending on the depth from the surface of the active layer. Bindal et al.[Z] and 
Marrakchi et al. [15] later assigned this band to the SiAs — y  As transition.
The emission band at 1,36 eV was regarded as a substitute of Ga by Cu [72, 73] 
and Okamato et a/. [74] and Vaidyanathane^ af.[36] considered it was related to the 
Fca- Guohui et al. [64] later proposed that this band was related to Voa — Sioa 
by studying S i and Si + P  dual implantations. Nevertheless, Asoa ~  SIas [75] and 
Vas — SiAs [75, 76] transitions have also been suggested to give rise to this signal.
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A Bonapasta et a .^[77] have shown the detailed attribution due to different charge 
states of gallium vacancy related emissions vary from 1.14 eV to 1.33 eV for the 
triply charged gallium vacancy 8,nd singly charged or neutral gallium vacancy 
{y^ Ga or respectively. Recently, it has been suggested that the 1.22 eV peak 
might be due to the formation of small S%Ga clusters around Vgo [65].
The emission band around 1.0 eV has been attributed to SiGa — SIas self- 
compensating pairs by Suezawa et W.[65].
3.7.1 Experimental Procedure
The annealed samples were placed in a cryostat which was cooled using either liquid 
nitrogen, for work down to 80 K, or liquid helium, for work down to 10 K. The 
excitation source was the 488 nm  Ar laser with a power v .  ^ of 100 mW. The 
diameter of the spot on the sample was approximately 1 mm. The light emerging 
from the cryostat was collected and focussed onto the entrance slits of the spec­
trometer, following removal of the pump laser line with an 850 RG coloured glass 
filter. A liquid nitrogen cooled Ge detector connected to a lock-in amplifier, which 
received a reference signal from the chopper, was used to acquire the PL spectra. 
Data acquisition was handled by a personal computer, through IEEE-488 interfaces 
with the spectrometer, the lock-in amplifier and the cryostat temperature controller.
3.8 Positron Annihilation Measurement
The use of positrons for probing open-volume defects in semiconductors is becoming 
standard. The technique is described in detail elsewhere [78], therefore only an 
overview is given here.
The Doppler-broadened energy spectrum of photons produced by positron annihil­
ation can provide information on the existence of gallium vacancies(VGo) or gallium
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vacancy-related defects in GaAs [79]. Positrons are repelled from positively charged 
cores by the Coulomb interaction, but are selectively annihilated at vacancies or 
open volume defects. As a result, the contribution of core electrons in the Doppler- 
broadened energy spectrum is reduced and that of conduction electrons is increased. 
Therefore, the line-shape parameter S', which is defined as the ratio of the central 
region to the total counts of the spectrum, gives information on the electronic en­
vironment of the annihilating positron and hence the concentration of vacancies.
Annihilation may occur from one of several states: freely diffusing, trapped at a 
defect, or trapped at the surface. In order to simplify the modelling procedure it 
is assumed here that one type of implantation induced point defect dominates the 
positron trapping and that its structure is similar at least to that of a vaoancy (eg. 
vacancy, divacancy, vacancy-complex).
It is generally accepted that a gallium vacancy {Vgo) Is of acceptor type and can 
exist in negatively charged or neutral states, which allows the positron trapping onto 
Vgo, because the Coulombic interaction of the positron with V^a is attractive [80]. 
Thus, the difference of the S  parameters between the implanted and unimplanted 
specimens can be attributed in the main to the introduction of gallium vacancies and 
gallium-related defects during the ion implantation. Additionally, the difference of 
the S  parameter between each annealing condition can be attributed to the evolution 
of those defects as a result of the annealing process.
3.8.1 Experimental Procedure
The samples were cut into 10x 10 mm squares prior to annealing. The samples 
were then annealed at temperatures ranging from 750®C7 - 1000®(7 for 10 seconds 
(as described in section 3.5). The encapsulant was then removed in a buffered HF 
solution.
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The slow positron beam used in this study is described in detail elsewhere [81]. 
Monoenergetic positrons in the energy range 0-30 keV are implanted into the sample. 
In penetrating the solid the positrons lose energy rapidly, thermalising in MlOps. 
The mean depth of positron implantation z  (in Angstrom) into the sample may be 
varied by changing the incident beam energy E  (keV) according to:
z =  — £;!■« (3.8)P
where p is the density of the solid in glcwi^. The depth distribution of the therm- 
alised positrons is broad and assymetric. It can be described by Makhovian distri­
bution
P{z) =  {mz^~^ /  z^)exp[—{zl ZoY^] (3.9)
with
Zo ~  z /[(l/m ) -f 1] (3.10)
where m=2 in this case.
The depth at which the positrons annihilate depends not only on this distribution 
but also on the diffusion that occurs after the positron has thermalised. The positron 
diffusion coefficient (D+) in GaAs at room temperature is usually taken to be 1.9 
cm^js [79]. Thermal positrons diffuse through defect free GaAs for a mean time 
(r/) of py 220ps before annihilating. In the presence of defects the number of freely 
diffusing positrons decreases at a rate Ae//,
Ae// =  Ay 4- I'C  (3.11)
where
Ay =  1/ry (3.12)
Ay is the annihilation rate of positrons in the bulk solid, u is the specific trapping 
rate at the defects (s“ )^ and C  is the fractional defect concentration (atom~^). Using 
a trapping rate of 10^^s“  ^ (usually assigned to the silicon divacancy) Simpson et al
35
[82] estimated the range of sensitivity of Positron Annihilation Spectroscopy (PAS) 
to be 1x 10 ®^ to IxlO^^cnz"^.
Annihilation may thus occur from one of three distinct states: freely diffusing, 
trapped at the surface or the solid, or trapped at a defect. In the annihilation 
event, the momentum of the electron creates a Doppler shift in the energy of the 
gamma rediation emitted. Thus the width of the 51 IkeV line is sensitive to the elec­
tronic environment in the solid and will differ between positrons trapped at defects and 
those annihilating in the perfect crystal. In the present work, gamma ray spectra 
were collected with an intrinsic HPGe detector of 1.2keV resolution and are analysed 
using the S  parameter defined as the number of counts in a central region of the 
511keV photo-peak (510.7keV-511.keV) divide by the total number of counts in the 
peal( (509.6keV - 512.4keV). The experimental line shape parameter S{E) is made 
up of contributions from all three annihilation sites and can be expressed as
5'(E) =  4- % F:f(E) (3.13)
where S s ,S f and Sd are the characteristic line-shape parameters for annihilation at 
the surface, in the bulk or trapped at a defect respectively and Ff and Fd are 
the relative fractions of positrons annihilating in those sites. The parameters Sg and 
S f  can be obtained directly from the spectra. Sd gives an indication of the defects 
results in annihilations with fewer high momentum electrons and thus a sharpening 
of the annihilation line and in turn an increase in the measured S  parameter.
The values of the annihilation and trapping rate of positrons assumed here allow 
defect concentrations to be deduced which although may contain a systematic error 
of around half an order of magnitude, have a relative error dependent only on the 
statistical distribution of the data points.
The fitting strategy used in this study was deliberately made as straightforward as 
possible to allow easy comparison of the defect concentrations between samples. In 
all cases therefore, the S  parameter profile was fitted assuming a flat distribution of
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vacancy or vacancy-like defects to a depth of 0.5/im.
3.9 Other Assessment Techniques
Other measurement and assessment techniques were also used in this work. For 
example Rutherford Backscattering Spectrometry (RBS) was used to assess the 
extent of the implantation damage and annealing effects on the implanted layers. 
However, the sensitivity of the system was low, and only a few experiments were 
carried out, therefore the experimental details will not be discussed here.
Finally, Secondary Ion Mass Spectroscopy (SIMS) was used to obtain the silicon 
atomic profiles before and after annealing. Because this experiment was done by 
other people, the samples were prepared according to their instructions. Therefore, 
no details of these experimental techniques are mentioned here. However, the author 
acknowledges the assistance of Alison Chu of Loughborough Consultants for SIMS 
analysis.
37
Chapter 4 
M athematical M odelling S z  
Computer Evaluation
4.1 Introduction
This chapter describes the mathematical model that has been used to help inter­
pret experimental data. The calculation of total ionized impurities as well as the 
simulation of depletion correction procedure will be presented.
4.2 Calculation of Total Ionized Impurity
The carrier concentration and electron mobility obtained from Hall measurements 
are used to determine the value of the compensation ratio from published results 
[84] as shown in table 4.1 below.
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Carrier Cone. 
(cm“ )^ 6>= 0.0 0.1 0.2
Mobility (cm^/V.s)
0.3 0.4 0.5 0.6 0.7 0.8 0.9
1x 10^^ 7810 7760 7700 7620 7530 7400 7220 6940 6490 5590
1.5x10^® 7740 7680 7590 7490 7360 7200 6970 6640 6120 5150
2x 10^^ 7600 7510 7410 7290 7140 6950 6690 6330 5770 4780
3x10^^ 7540 7430 7300 7150 6960 6730 6420 6000 5400 4370
4x10^® 7450 7320 7170 6990 6780 6510 6180 5730 5100 4070
5x10^® 7370 7230 7060 6870 6640 6350 6000 5540 4850 3870exio^G 7280 7130 6950 6730 6490 6190 5820 5340 4700 3670
7x10^® 7230 7060 6860 6640 6380 6060 5680 5200 4540 3510
8 x 10 ®^ 7150 6970 6760 6530 6260 5930 5540 5050 4390 3370
9x10^® 7050 6860 6650 6400 6120 5790 5390 4900 4250 3232
IxlO^G 6980 6790 6560 6310 6020 5680 5280 4790 4140 3120
1.5x10^® 6710 6480 6230 5950 5640 5280 4870 4370 3720 2710
2 x 10 ®^ 6500 6250 5980 5680 5360 5000 4580 4080 3430 24403xlO^G 6190 5920 5630 5320 4980 4610 4180 3680 3030 2060
4x10^^ 5970 5690 5380 5060 4720 4340 3910 3410 2760 1820
5x10^^ 5810 5510 5200 4870 4520 4140 3710 3200 2560 1640
6 x 10 ®^ 5680 5370 5050 4720 4370 3980 3550 3040 2400 1510
7x10^® 5570 5260 4940 4600 4250 3860 3420 2910 2270 1400
8 x 10 ®^ 5480 5160 4840 4490 4140 3740 3300 2790 2160 13209xlO^G 5400 5080 4750 4400 4040 3640 3200 2690 2060 1240
1x10^7 5330 5010 4670 4320 3960 3560 3120 2600 1980 1180
1.6x10^7 5090 4750 4400 4030 3650 3240 2790 2280 1690 960
2 x 10^^ 4910 4540 4160 3780 3390 2970 2520 2030 1470 820
3x10^^ 4730 4350 3960 3560 3160 2730 2280 1790 1270 680
4x10^^ 4530 4130 3730 3320 2920 2490 2050 1590 1100 580
5x10^^ 4470 4060 3640 3220 2800 2380 1940 1490 1020 530
6x10^7 4370 3950 3520 3100 2680 2260 1830 1390 950 480
7x10^^ 4290 3860 3420 3000 2580 2160 1740 1320 890 450
8 x 10^^ 4220 3780 3340 2910 2500 2080 1670 1260 840 420
9x10^7 4160 3710 3270 2840 2430 2010 1610 1200 800 400
1x 10 »^ 4100 3640 3200 2770 2360 1950 1550 1160 770 380
1.5xl0^« 3860 3400 2950 2520 2130 1740 1370 1010 660 330
2x 10 ®^ 3690 3220 2730 2360 1980 1600 1250 920 600 290
3x10^® 3460 3000 2560 2160 1790 1440 1120 810 530 260
4x10^» 3300 2840 2410 2020 1670 1340 1040 750 480 230
5xl0^« 3200 2750 2330 1950 1600 1280 990 710 460 220
Table 4.1: Computed values of electron mobility (cm^/V.s) as a 
function of carrier concentration and compensation ratio. (Ref[84])
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The compensation ratio ( 0) is defined as:
Where and are the concentration of ionized acceptors and donors, respect­
ively.
From Hall measurements the value of electron mobility and carrier concentration:
n  =  Np  — (4.2)
are used to obtain the compensation ratio (^) by a linear progression method. The 
concentration of ionized impurities:
Ni,„p = N ^  + N2  (4.3)
is then calculated by solving both equations 4.1 and 4.2, thus:
4.3 Hall depletion correction
The Hall effect technique is based on the measurement of sheet values. Profiles are 
obtained by etching through the active region whilst remeasuring the sheet values 
after each step. This technique assumes that the measurement current is uniformly 
distributed throughout the layer. In reality, very little current will flow near the 
surface of the sample because of the presence of the depletion region. Therefore, a 
sheet value is actually a measure of the electrical activity beyond the depletion layer.
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Figure 4.1: Illustration of the error introduced when the depletion region is ignored 
in Hall measurements.
The inaccuracy introduced by ignoring the surface-depletion depth is illustrated in 
Figure 4.1 and described by the following equations:
(etch(n+i) -  etch{n)]
___________ (^g(n+l) ~  ^s{n))____________
{{etch(n+l) +  H (^n+1)) — (etch(n) +  ^(n))) 
These values are plotted against the following depths:
^Real —
(4.5)
(4.6)
DHall _  etch{n+i) +  etch(n)
^Rôsd etch(n+l) +  ^(n+1) +  etchçn) +
(4.7)
(4.80
Where N hoH is the Hall estimate of carrier concentration, NReai is the true carrier 
concentration, Ng^n) is the sheet value after n etches, etch^n) is the etch depth after 
n etches, Duaii is the Hall estimate of depth and D^eai is the true depth. The above
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equations can be arranged to obtain the relation between the apparent and real 
carrier profile as follows :
Niuai -   ^ (4-9)
Pfieoi =  B um  +  (4.10)
As can be seen, it is necessary to obtain real carrier profiles in order to apply our 
model with good reliability. Although this surface depletion effect can be corrected 
rather easily in uniformly doped semiconductor layers, the problem becomes more 
complicated for nonuniformly doped semiconductor layers, such as ion-implanted 
layers. Because the surface-depletion width depends strongly upon the carrier con­
centration, one cannot obtain the depletion width unless the real carrier profile 
is known. Unfortunately, the real carrier distribution cannot be obtained without 
first obtaining the depletion width. In order to overcome this problem, the current 
technique utilizes the idea that the correct real carrier profile should reproduce the 
apparent measured profile after talcing into account the surface-depletion effect.
In order to clearly demonstrate the current Hall correction procedure, the control set 
of data has been used. For example, the apparent carrier profile has been calculated 
from the Gaussian distribution function, which represents the real carrier distribu­
tion, the correction method is then applied to the calculated apparent profiles. The 
result will then be perfectly matched with that of a Gaussian distribution.
In the following section, a brief discussion of the correction methods will be presen­
ted.
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4.3.1 Calculation of Depletion W idth
It is possible to obtain the apparent carrier profile from a known carrier distribution 
by a) calculate the depletion width after each etch step, b) recalculate the profile 
by applying the surface-depletion parameters. The effective depletion-width W  for 
a uniformly doped sample is given by [85]
2€€o(Vbs —W q{Nd — N a ) (411)
where eo is the permittivity of free space, c is the relative permittivity of the semi­
conductor and Vbs is the built in potential. The procedure to calculate the depletion 
depth for each etch step is as follows: starting from the sample surface the integra­
tion of the real carrier profile (Nd — % ) ,  such as a Gaussian distribution function, 
is calculated to a certain depth W . Then from these two parameters, Vbs can be 
determined from the above equation. The process continues until V b s  is equal to 
0.6 V, which is a commonly accepted value for n-type GaAs [85]. The value of W  
is then believed to be that of the depletion depth at that etch layer. The surface is 
then redefined to simulate etching and the next depletion depth is calculated. This 
same process applies to each etching step throughout the assumed implanted layer. 
These values of W  are then used to recalculate the apparent carrier profile.
4.3.2 Gaussian function
The simulation was applied to Gaussian functions to illustrate the above mentioned 
technique. The profiles that would be obtained from the Gaussian with Rp — 0.1997 
fxm and SRp =  0.0757 ^m with a dose of 1 x lO^^cm"^ assumed 50 % activation 
is shown in figure 4.2. it is assumed that surface conditions are the same for each 
etching step.
It can be clearly seen that the apparent carrier profile (shown as simulated Hall
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Figure 4.2: Apparent carrier profile expected by the current technique from the 
Gaussian profile.
profile in the figure) is similar to the real profile, which in this case is a Gaussian 
profile except in the tail region. The apparent profile is not only shifted toward the 
surface, but its shape is also changed. It should also be noted that the existence 
of a surface-depletion layer also leads to an artificially abrupt apparent profile. As 
the carrier concentration falls the depletion width increases until a point where the 
whole of the remaining implanted layer is depleted causing the abrupt tail shown in 
the profile. However, for the profile of high carrier concentration, assumed 100 % 
activation, the effect of surface-depletion is relatively small. In contrast, for lower 
doses, the depletion region is much larger and the simulated profile is very different 
from the real Gaussian profile.
4.3.3 Depletion Correction Procedure
The practical correction procedures used in this study are as follows. As a first step, 
the peak of the apparent (measured) carrier profile is identified.The depletion width
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Wp is then calculated using equation 4.11 and the peak of the apparent carrier profile 
is then shifted inward by an amount Wp. This step is based on the assumption that 
at high carrier concentration (near or above 10^®cm“ )^ the surface-depletion is very 
small, thus and W(n+i) are approximately the same, so from equation 4.9 and 
4.10 it is possible to obtain the peak position of the real carrier profile.
The next step, is to calculate the real carrier profile from the peak to the end of 
the apparent profile by numerical calculation. Consider equation 4.9, W^n) is now 
known and the two unknown parameters are and Njîeai- It is the fact that
should be at least equal or greater than as well as being less
than the peak value which is used to aid the calculation. It is therefore possible 
to calculate both the value of IF(n+i) and by solving equations 4.9 and 4.11 
simultaneously. This same method applies throughout the deep end of the apparent 
profile.
The calculation of depletion width from the pealc to the surface of the apparent 
profile employs the same method. Starting from the peak, kF(n+i) is now known, by 
solving equations 4.9 and 4.11 simultaneously W(„) and A^ Reo/ can be successively 
determined. This .cdculation is then continued to obtain depletion width up to the 
surface of the apparent profile. These values of depletion width are then used to 
reconstruct the real carrier concentration Abkaf as a function of D^eat using equations 
4.9 and 4.10 respectively. Figure 4.3 shows the comparison between the calculated 
depletion correction result of apparent profile obtained from the previous section, 
and the original Gaussian profile. They are shown to be in good agreement. This is 
due to the fact that the peak of the Gaussian profile is greater than Ix  10^ ®cm“ .^
If this method is used for a carrier pealc less than this value, less accuracy should 
be expected from the result. It was found that only a few data points
can be obtained from the calculation of apparent carrier profiles having low carrier 
concentrations because the depletion depth is very large.
45
s  10
k 10
-  Gaussian Profile 
♦  Corrected Hall Profile
0.2 0.40.0
Depth (pm)
Figure 4.3: E^vüluated result compared with original Gaussian profile.
It should be noted that this method is only applicable to the apparent carrier profile 
which has a peak concentration of about 1 x or greater. This is due to
the fact that with such a high peak concentration the condition of W(n+i) and W(„) 
being approximately equal can be achieved. At lower pealc concentrations (less than 
1 X  lO^^cm"^) the peak depletion width is high and the above condition cannot 
be met. Undoubtebly, as most of the samples used in this study have fulfilled the 
condition set above, it is believed that this Aial nation technique represents the best 
method of obtaining the real carrier profiles, under conditions used in this project.
Another drawback for the procedure employed here is that the evaluation will start 
from the peak of the apparent carrier profile. Thus, for multienergy-implants this 
method cannot be employed. However, a separate evalaation of each profile peak 
can be performed and then combined together to reconstruct the real profile. This 
procedure was carried out on the results of multi-energy experiments and it was 
found that the simulated real carrier profile does not show a significant difference 
from that of the apparent carrier profiles in the bulk region.
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4.4 Computer Software
Computer software has been developed under Windows^^ platform using C pro­
gramming language. The program is capable of processing raw data obtained from 
the experiment and producing graphical results in a user friendly environment. This 
software tool has greatly helped us in the comparison of results from various anneal­
ing conditions as well as the calculation of total ionoized impurity concentration 
and for the evaluation of depletion correction procedure. The software also provides 
an easy method for producing the desired results which can be imported to other 
software packages.
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Chapter 5 
Experimental Results
5.1 Introduction
This chapter presents the experimental results from a study of the activation of 
silicon implanted gallium arsenide. The activation of these implants has been mon­
itored by the Hall effect and Photoluminescence techniques. These experimental 
results are summarised in four sections.
5.2 Single Energy Implant
Samples implanted with of 200 keV silicon ions at room temperature
were encapsulated with PECVD SisN^ and rapid thermal annealed using a double 
graphite strip heater. Carrier concentration and mobility profiles for a 10 second 
anneal obtained from Hall measurements are shown in figure 5.1. Also shown, is 
the atomic distribution as predicted by TRIM. The depletion correction was not 
performed on the profiles shown.
Cood electrical activation can be observed in the bulk region for 750"C anneals. 
At higher temperature more activity can be observed at the near surface. At the 
temperature of 900^(7 or above, however, a marked increase of electrical activity at 
the near surface occurs. Sheet carrier concentrations versus anneal time for different
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Figure 5.1: Carrier concentration and mobility profiles for 10 seconds annealed of 
sample implanted at 200 keV, also shown is the S i concentration as reconstructed 
from the moments extracted from TRIM.
anneal temperatures are shown in Figure 5.2. Similar trends of electrical activities 
can be observed for samples annealed at different times and also better electrical 
activity can be obtained at higher temperatures (figure 5.2). At 900^(7 however, 
there is little increase of measured sheet carrier concentration against anneal time 
of up to 100 seconds, whereas a marked increase in electrical activation is observed at 
1000 seconds where the carrier concentration profile reveals high electrical activity 
in the near surface region. Figure 5.3 shows Hall depletion corrected carrier concen­
tration profiles of the samples of figure 5.2. For the sample annealed for 10 seconds 
the carrier profile appears to be better than that of longer anneals, especially in the 
Rp region (% 0.2 /um). A slight increase of activity at the near surface is observed 
for the 100 seconds anneal.
Additional experiments have been carried out in order to verify the reproducibility of 
the results. Furthermore, as each set of experiments has been generally performed 
over a long period of time, it is important to demonstrate that results from later
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Figure 5.2: Sheet carrier concentration versus anneal time for samples annealed at 
difference temperature.
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Figure 5.3: Depletion corrected carrier concentration profile for samples annealed 
at 900^(7 (from figure 5.2).
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Figure 5.4: The comparison of carrier and mobility profiles performed at 1 year 
apart for samples annealed at 800^(7 for 10 seconds.
experiments can be correlated with earlier results. Figure 5.4 shows the comparison 
of carrier and mobility profiles performed at 1 year apart. Both samples were sub­
jected to the same annealing conditions at 800^0 for 10 seconds. It can be seen that 
both profiles are almost identical within the experimental errors.
Photoluminescejncehas been performed at lOK to study the defect evolution in the 
material. Typical photoluminescence (PL) spectra are shown in figure 5.5 and figure 
5.6 for wavelengths in the range of 800 to 1500 nm  and 800 - 900 nm, respectively.
In addition to the 1.489 eV residual carbon, the next strongest peak is observed at
1.01 eV which is believed to be the neutral pair (Sioa — ^^As) transition. Other 
peaks have also been identified as indicated in the figures.
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Figure 5.5: Photoluminescence spectra of sample annealed at 800^(7 for 10 seconds.
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Figure 5.6: Photoluminescence spectra of sample annealed at 800®C for 10 seconds.
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5.3 Multi-Energy Implants
The silicon ions were implanted at different energies and doses to produce an ap­
proximately flat dopant distribution. Several implantation conditions have been 
used with a varying number of both ion energies and the level of flat dopant distri­
bution.
5.3.1 Medium Dose Implant
Four different ion energies were used to produce a uniform dopant distribution of 
1 X  10^ ® cm~^ extending to approximately 2 fim. The implantation conditions are 
shown in table 5.1.
Dose
cm~‘^
Energy
keV
Rp
fxm
SRp
1.4 X  10^ 3 96 0.0998 0.0470
3.74 X  10^ 3 332 0.3424 0.1256
6.43 X 874 0.8423 0.2280
8.43 X  10^ 3 2000 1.54 0.3049
Table 5.1: Implant conditions to produce uniform dopant distribu­
tion of IxlO^^cm"^.
The order of these implantations was from high ion energy to low ion energy. The 
values for Rp and SRp are from TRIM calculations. Figure 5.7 demonstrates the 
uniformity of the implantation over a 3” wafer. From a 5 points SIMS measurement
of the iiitegi’ated close
from center and around the wafer, the uniformity V as shown to be better than 1%. 
This is obviously important when comparing samples from different areas of the 
wafer. The atomic profile and damage distribution as predicted by TRIM are shown 
in figure 5.8. For comparison, also shown is a SIMS measurement of one of the 
samples. There is good agreement between the predicted profile and that measured
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Figure 5.7: Silicon atom profiles measured by SIMS from center and 4 points around 
the wafer.
by SIMS with only slight differences existing in the abruptness of the measured 
profiles (tail region). The damage level in the surface region is higher than that in 
the tail.
Samples were annealed in the temperature range 750 - 1100 for times between 
10 and 1000 seconds. These samples have been encapsulated with Si^N 4 with a 
refractive index of 1.74. Figure 5.9 illustrates the carrier and mobility profiles after 
annealing for 10 seconds at. temperatures ranging from 750 to 900 From the 
surface to a depth of 0.8 jum, the activation increases with increasing annealing tem­
perature. But from the depth of 0.8 pbm to about 2.2 f.im, the level of activation 
changes only slightly as the temperature increases. A slight shift between the pro­
files is thought to be the results of cumulative errors arising from the measurement of 
the etch rate, or the measurement of total etched depth. At higher annealing tem­
peratures, shown in figure 5.10 for temperatures ranging from 950 to 1100®C, the 
activation in the shallower region increases to saturation level at about 1 x 10 ®^cm“ ^
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Figure 5.8: Comparison of Si concentration as measured by SIMS versus that pre­
dicted by TRIM. Also shown is the predicted damage distribution.
which is approximately equal to the silicon atom concentration. This seems to indic­
ate that the dopant impurity is fully activated. However, the activity in the deeper 
region changes slightly upto 1000*^ (7 anneal, and the depth at which the activation 
reaches saturation is deeper as the anneal temperature increases. At 1100^(7 full 
activation throughout the profile is observed.
Similar trends have been observed for 100 seconds anneals as shown in figures 6.11 
and 5.12, and for 1000 seconds in figure 5.13. It can be observed that as the annealing 
time increases, the point at which the activity becomes saturated occurs at lower 
temperature. Full activation is observed at lOOO^C for 100 seconds anneal, and at 
900®(7 for 1000 seconds anneal.
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Figure 5.9: Carrier concentration and mobility profiles after annealing for 10 seconds 
at temperature ranging from 750 to 900^(7.
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Figure 5.10: Carrier concentration and mobility profiles after annealing for 10 
seconds at temperature ranging from 950 to 1100®(7.
56
1 0 19
1018
*5 1017
10
10
10
16
CD
16
14
0.0
Si — >  G&As 
100s anneal
o 750°C 
□ 800°C 
o 850°C 
A 900°C
1.0 
Depth (pm)
2.0
1 0
10
-Î
10
10"
Figure 5.11: Carrier concentration and mobility profiles after annealing for 100 
seconds at temperature ranging from 750 to 900®C.
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Figure 5.12: Carrier concentration and mobility profiles after annealing for 100 
seconds at temperature ranging from 950 to 1050°C.
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Figure 5.13: Carrier concentration and mobility profiles after annealing for 1000 
seconds at temperature ranging from 750 to 900®C.
Photoluminescence measurements have also been performed at lOK as shown in 
figure 5.14 for samples annealed at 800‘^ (7 for 10 seconds and 1000®C 100 seconds.
The PL spectra, normalized at the Sica ~ Cas transition (1.489 eV, 832 nm), reveal 
an increase of the donor-vacancy transition (S'ica — pGa) at 1000°C, 100 seconds with 
an intensity of 30 times greater than the 800‘^ C', 10 seconds anneal. This indicates 
that the complex defect of the donor (Sica) with a neighbouring gallium vacancy 
(Voa) is present in the sample at high temperatures and longer anneal times. The 
carrier concentration after a lOOO^C, 100 seconds (figure 5.12) also shows almost 
100% activation throughout the profile.
The refractive index of the was varied from 1.74 to 1.97 by changes in the
deposition conditions. Results are shown in figure 5.15 of samples annealed in the 
temperature range of 900®C to llOO^C for 10 seconds.
58
200.0
800°C 10 s 
lOOO^C 100 s!
As
a
52 su-v Am
0.0800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm)
Figure 5.14: PL spectra of samples annealed at 800^(7 for 10 seconds and 1000^(7 
for 100 seconds.
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Figure 5.15: Carrier concentration and mobility profiles of samples encapsulated 
with SisN 4 having a refractive index of 1.97 and annealed for 10 seconds.
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The carrier concentration at high temperature is observed to be lower than that 
shown in figure 5.10 especially at 1050^(7, and at 1100*^ (7 full activation throughout 
the profile does not occur compared with the result using a lower refractive index 
silicon nitride cap. This indicates that the quality of the encapsulant plays an 
important role in the activation process.
5.3.2 High Dose Implant
Two sets of samples have been implanted with the same dose and ion energy to 
produce a uniform dopant distribution of 8x10^® cm~^. However, a different order 
of each ion energy was used for each sample. The implantation conditions for these 
samples are shown in table 5.2. Results from SIMS measurements of both samples 
are shown in figure 5.16 for as-implanted samples and samples annealed at 900°C 
100 seconds. There is insignificant difference in the atomic profile for both implant 
schedules. Also for each implant schedule, impurity diffusion after annealing is not 
evident.
Dose
crrT^
Energy
keV
R p
fjim f.im
7 X 10^ 3 96 0.0998 0.0470
1.87 X 10^ 4 332 0.3424 0.1256
3.21 X 10^ 4 874 0.8423 0.2280
4.21 X 10^ 4 2000 1.54 0.3049
Table 5.2: Implant conditions to produce uniform dopant distribu­
tion of 8 x 10 ®^ cm~^.
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Figure 5.16: Silicon atom concentration (from SIMS) for multi-energy implant to 
produce silicon concentration of 8 x l 0^®cm” .^
Results from Hall measurements of sample annealed for 10 seconds are shown in 
figure 5.17 for the implant schedule from high ion energy first followed by lower ion 
energy (High—>>Low), and figure 5.19 for the implant schedule from low ion energy 
first followed by higher ion energy (Low—>High).
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Figure 5.17: Carrier concentration and mobility profiles of 10 seconds anneal for 
High—>Low implant schedule.
For the High-Low implant schedule, at low anneal temperatures the electrical activ­
ity exhibits similar trend to those of low dose multi-energy implants presented in 
the previous section. That is the activation from the surface to the depth of about 
0.8pm increases with increasing annealing temperature and there is little change in 
the activation at depths greater than 0.8pm. However, a dip in the carrier concen­
tration can be observed at low temperatures. This dip occurs between each peak of 
carrier concentration, where the damage is at its highest.
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Figure 5.18: Sheet carrier concentration of 10 and 100 seconds anneal for High-4Low 
implant schedule
The activation in the deeper region changes slightly as the anneal temperature in­
creases which is similar to the results for low dose multi-energy implants. However, 
the overall activation decreases as the anneal temperature Increases, see figure 5.18 
which shows the sheet carrier concentration for 10 and 100 seconds anneal as a 
function of anneal temperature.
It can be clearly seen that at temperatures above 850^(7 for 10 seconds the activation 
decreases up to an anneal temperature of 1000/1050^(7 where the level of activation 
increase slightly. The same trend can be observed for 100 seconds anneals, except 
that the activation level increases above about 950‘^ (7, in contrast to 1000-1050^(7 
for 10 seconds anneals.
For the Low—High implant schedule, however, good activation throughout the pro­
file can be obtained even at temperatures as low as 800^(7 with a small increase 
in activation level as the anneal temperature increases upto 900^(7. The activation 
level decreases at higher anneal temperatures (figure 5.19). The sheet carrier con-
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centration for this implant schedule is shown in figure 5.20 for 10 and 100s anneal. 
Activation trends are similar to those with High—Low implant schedule, except that 
the activation peak for the 10 seconds anneal is shifted slightly to higher temperat­
ures.
Results from these experiments do not generally exhibit full activation as observed in 
the low dose multi-energy implants presented in the previous section. The refractive 
index of the encapsulant used here is 1.94 with the thickness of 500 Angstrom, and 
it is believed that the quality of the encapsulant used here is better than for the 
previous experiments.
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Figure 5.19: Carrier concentration and mobility profiles of 10 seconds anneal for 
Low->High implant schedule.
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Figure 5.20: Sheet carrier concentration of 10 and 100 seconds anneal for Low—>High 
implant scheduJe.
5.3.3 Flat Damage Implant
Three different energy implants were performed to produce a uniform damage dis­
tribution of about 21 % (SUSPRE simulation) extending to a depth of about 0.3 
fjm. The implantation conditions are shown in table 5.3.
Dose
cm"^
Energy
keV
Rp
fxm
5Rp
nm
1.87 X 10^ 3 50 0.0501 0.0339
3.21 X  10^ 3 200 0.2059 .1063
4.21 X 10^ 3 600 0.6229 0.2299
Table 5.3: Implant conditions to produce uniform damage distri­
bution upto the depth of approximately 0.3 /Ltm.
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Figure 5.21 shows carrier concentration and mobility profiles from Hall measure­
ments. The activation from the surface to the depth of 0.6 fjbm changes as the 
anneal temperature increases, and the observed activity appears to progress from 
the bulk to the surface. Nevertheless, no significant changes in the activity in the 
deeper region ( 0.6 - 0.9 can be observed.
However, the results from this experiment reveal some interesting facts, the activa­
tion pealt which normally is present at anneal temperatures of about 850 to 900*C 
cannot be observed here, and there is a significant increase of carrier concentration 
in the flat damage region from 900 to 950®(7. If these profiles are divided into two 
regions corresponding to the level of damage introduced (region before and after the 
depth of 0.3 /xm in figure 5.21), then it can be observed that the activation in the flat 
damage distribution region changes very little at annealing temperatures from 750 
to 850^(7, and reaches a significant level only at about 950^C. The activation in the 
gradual damage distribution region (> 0.3 /im), however, exhibits similar features 
to those of multi-energy implants, that is, the activation gradually increases as the 
anneal temperature increases.
Positron annihilation measurements were carried out to study the evolution of va­
cancy type defects in the same set of samples. Figure 5.22 shows the S  parameter 
versus incident positron energy for the unimplanted and as-implanted samples, and 
those subsequently annealed at 750, 800 and lOOO^ C for 10 seconds. The lines 
through the data are fits obtained from the program POSTRAP [86]
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Figure 5 .22: Defect profiling in S i implanted GaAs with variable energy positron. 
S  parameter versus incident positron energy are shown for an unimplant {-p), unim­
plant with cap {*), as-implanted (filled rectangle), as well as for those subsequently 
annealed at 750 (open rectangle), 800 (filled circle) , and 1000^0 (open circle) for 
10 seconds.
5.4 Unimplanted Materials
Photoluminescence and Positron Annihilation have been carried out on some of the 
unimplanted samples in order to study the defect evolution in these samples.
Photoluminescence Measurement
The unimplanted sample was coated with 500 Angstrom of silicon nitride and cut 
into small pieces of approximately 4x4 mm prior to annealing. The annealing
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Figure 5.23: Photoluminescence spectra at 80 K for umimplanted sample, and an­
nealed at lOOO^C for 10 seconds.
has been performed in the temperature range from 750 to 1050°C for 10 seconds. 
PL measurements were performed at 80 K. Figure 5.23 shows a characteristic PL 
spectrum of an unimplanted sample annealed at 1000 for 10 seconds. Although 
these are unimplanted samples, a small number of Si atoms are believed to diffuse 
into the substrate from the SisN 4 encapsulation material. Apart from donor bound 
exciton at 1.506 eV, other pealcs can be observed. The peak at 1.49 eV is attributed 
to donor to carbon acceptor (Sioa ~  Oas), the 1.485 eV (not shown in the figure) 
which is superimposed on the 1.49 eV pealc is attributed to donor to acceptor (Sioa~  
S i As) transition, and the 1.36 eV and 1.26 eV peaks have been attributed to donor 
to vacancy complex {Sioa — Vba) at different charge states of the gallium vacancy.
Positron Annihilation
An unimplanted wafer was coated with 500 Anstrom silicon nitride and cut into 
small pieces prior to annealing. The encapsulant was then removed and Positron 
Annihilation was performed. The variation of S  parameter as a function of incident
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Figure 5.24: Defect profiling in unimplanted GaAs with variable energy positron. 
S  parameter versus incident positron energy are shown for an unimplanted samples 
subsequently annealed at 750 (open circle), 1000 (filled square) for 10 seconds, and 
for an unimplanted SI GaAs sample (star).
positron energy E  for a series of experimental conditions of unimplanted specimen 
is given in figure 5.24, for samples annealed at temperatures ranging from 750 to 
llOO'^C for 10 seconds.
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Chapter 6
Discussion
6.1 Introduction
In this chapter the results presented in Chapter 5 are drawn together to examine 
the mechanism in which S i  impurities in GaAs become electrically active. The aim 
of this work has been to obtain a simple model to explain its behaviour. In Section
6.2, the discussions of total ionized impurities is presented, as well as the associated 
effect which is thought to be responsible for the disagreements between some pub­
lished results. Electrical activation and activation energy are discussed in Section
6.3. Section 6.4 discusses the annealing mechanism together with the discussions 
of the damage removal process. Finally, Section 6.5 presents the activation model 
developed from this study.
6.2 Total Ionized Impurities
The method of calculating the total concentration of ionized impurities has been 
outlined in section 4.2. The results of medium dose, multi-energy implants will be 
used in the following discussion as most of the data obtained from Hall measurements 
fall within the values available in the table 4.1 for this calculation. Additionally, 
an extended constant active region ( see figure 5.9 as an example) will assure the
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Figure 6.1: Calculated concentration of ionized impurities (iVj 4- iV^), carrier con­
centration and mobility profiles and atomic distribution as measured by SIMS after 
annealing at 850®(7 for 10 seconds.
credibility of the data from Hall measurements over a wider range of depth. This 
overcomes the problem encountered in single energy implants for which data in the 
tail of the implant cannot be measured accurately.
Figure 6.1 illustrates the calculated concentration of ionized impurities together with 
carrier and mobility profiles after annealing at 850 for 10 seconds. There is good
agreement between the calculated profiles of and the SIMS atomic profiles.
The small difference between these profiles is thought to arise from noise on the Hall 
measurements, which causes small errors in either mobility or carrier concentration.
In the tail of the implant, the calculated values depart from the SIMS profile. It is 
believed this is due to the difficulty in extracting an accurate value of the electron 
concentration in the tail region where the series resistance and depletion region 
become large. A small mis-alignment between SIMS and calculated profiles has also 
been observed in some cases which is caused by an error in the measurement of etch
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rate.
The calculated values of {N^ +  ATJ) for anneals at 950 to llOO^C for 10 seconds 
are shown in figure 6.2 together with the SIMS atomic concentration profiles. It 
can be seen that at QfiO'^ C there is good agreement between (A% + N j)  and SIMS 
particularly at depths greater than 0.7 (jlu i. It is noticeable that in the near surface 
region the calculated values of do not agree so well with the SIMS profile.
As the annealing temperature increases above 950®(7 the value of becomes
increasingly greater than the SIMS atomic profile. We postulate that this behaviour 
is likely to be caused by gallium outdiffusion into the encapsulant (refractive index 
of 1.74) used in this set of experiments. Thus it is charged gallium vacancies that 
diffuse in and produce additional scattering centers for electrons (see below).
In order to test this idea, the refractive index of the was varied from 1.74 to
1.97 by changes in the deposition conditions which is expected to effect the efficiency 
of the encapsulant. It is clearly shown in figure 6.3 that with a higher refractive index 
the measured carrier concentration is lower, and a better fit between (A% +  )
and the SIMS data is obtained. It was suggested [40] that the enhanced electrical 
activation of samples with lower refractive index is associated with gallium vacancy 
formation during annealing. Annealing at higher temperatures will result in gallium 
outdiffusion from the sample surface and hence the injection of gallium vacancies. 
This effect will increase the tendency of silicon atoms to occupy gallium lattice sites, 
therefore there is a conversion from Sij\s acceptors into Sioa donors. However, the 
net concentration of silicon atoms remains constant, suggesting that the gallium 
vacancies must be ionized in order to produce a total ionized impurity concentration 
greater than the silicon concentration.
The results of the calculated (N ^  +  A%) for anneals at longer time demonstrate 
the same trends as for 10 seconds anneals, with better agreement between SIMS 
and {Np +  ) at lower annealing temperatures. However, the effect of gallium
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Figure 6.2: Calculated concentration of ionized impurities (iVj +  carrier con­
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neals at 950 to 1100^(7 for 10 seconds.
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mobility profiles and atomic distribution as measured by SIMS of different refractive 
index samples annealed at 1000°(7 for 10 seconds.
indiffusion can also be observed at lower temperatures than that of shorter annealing 
times. Figures 6.4 and 6.5 show the effect of longer annealing times (100 seconds and 
1000 seconds respectively). At the lowest temperature of 750°C for 1000 seconds 
anneal as shown in figure 6.5, there is good agreement between (N ^  +  N j)  and the 
SIMS atomic profile. It appears that the annealing time is long enough to activate 
all silicon atoms, while the temperature is low enough not to cause measurable 
indiffusion of gallium vacancies.
These results have shown that within the acceptable errors of Hall and SIMS meas­
urements, there is substantial evidence to support the idea that close to 100 percent 
of the implanted silicon atoms occupy lattice sites and are electrically active. The 
net donor concentration is determined by the relative concentration of silicon atoms 
on gallium and arsenic lattice sites. It is suggested that the silicon concentration is 
to a good approximation equal to the total ionized impurity concentration, unless 
the encapsulant allows a significant outdiffusion of gallium to occur. The effect of
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interstitial silicon atoms and other defects, is small and can be neglected (see section 
6.4).
To further substantiate these findings, additional experiments have been carried out 
as outlined in section 5.2.2. In the following sections, the results from samples which 
have been processed with a higher quality encapsulant will be discussed, and the 
nature of the gallium indiffusion mentioned above will be presented in the subsequent 
section.
6.2.1 High Dose Implants
Most of the experimental procedures for these samples are similar to those presented 
above, except that higher doses were used and an improved quality of encapsulant 
deposited (refractive index 2.01). The results of the samples with order of implant 
energy from high to low will be presented below. Results from Hall measurements 
were shown in section 5.3.2. Figure 6.6 shows the calculated concentration of ion­
ized impurities together with SIMS atomic profiles after annealing at 900®C for 10 
seconds. There is good agreement throughout the profiles with some data missing 
from the calculated profile. This is due to fact that values obtained from Hall meas­
urements are outside the limits of what can be calculated from the table to obtain 
the magnitude of compensation ratio. For example, with the carrier concentration 
measured at 1.8xl0^^cm“  ^.the equivalent mobility value is 692 cm^/F.s, whereas 
the minimum value of mobility in table 4.1 for the above carrier concentration is 960 
an?/V.s. However, the profile of calculated (-ATJ+Nj) is still a useful representation 
of the level of ionized impurities in the material.
At higher annealing temperatures, there is still good agreement between (ATj +  ATj ) 
and the SIMS atomic profile, even at llOO^C (not shown). There is no evidence 
for the indiffusion of gallium vacancies at this temperature, since a) there is no 
observable increase of the carrier concentration profile especially at the near surface
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sample annealed at 900°C  for 10 seconds.
region, and b) there is little or no difference between the calculated {N ^  +  TVJ ) 
profile and the SIMS atomic profile.
These results suggest that the encapsulant used in this experiment is very efiicient 
in preventing the outdiffusion of gallium. It also leads to the conclusion that the 
silicon concentration is, to a good approximation, equal to the total ionized impurity 
concentration, unless the encapsulant allows a significant outdiffusion of gallium to 
occur.
6.2.2 Gallium Vacancy IndifFusion
As mentioned earlier and from the results presented in the previous chapter, the ob­
served enhancement in the electrical activity has been attributed to the injection of 
gallium vacancies due to the use of a poor quality encapsulant. With a high concen­
tration of gallium vacancies in the active layer, silicon atoms are likely to prefer to
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occupy gallium sites rather than arsenic sites. Thus there is an increasing electrical 
activation which has been observed to reach nearly 100% in certain cases. Figure 
5.14 clearly shows that annealing at higher temperatures and longer times, produces 
a marked increase in gallium vacancy transitions observed from Photoluminescence 
measurements.
The dependence of the diffusion coefficient on the temperature can be written as 
follows:
D  =  D o e x p { ~ ^ )  (6.1)
where Do is the pre-exponential, Ed is the diffusion energy, k is the Boltzmann 
constant and T  is the temperature (K). This diffusion coefficient can also be related 
to the diffusion length, Td, and the time, t, and can be written as:
Li =  2VD t (6.2)
Results from medium dose multi-energy implants have been investigated for the 
following reasons: i) the encapsulant used is believed to be inferior to those used in 
other experiments and thus allows the diffusion effect to take place, ii) the effect of 
the diffusion on electrical profiles can be clearly seen, and iii) the profiles extend to 
a depth of 2.2/t/m allowing a wider range of temperature and time to be used.
Let us assume that the diffusion length, is the distance a single gallium vacancy 
must diffuse before it becomes electrically active. From carrier concentration profiles 
obtained by Hall measurement, the diffusion length can be determined. This is 
because the enhancement of the carrier profile appears from the near surface. As 
the anneal time or temperature increases, the enhancement of the profile occurs 
deeper into the substrate. If there is no effect from the gallium vacancy indiffusion.
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Figure 6.7: The determination of diffusion length for a given carrier concentration 
profile.
the carrier profile in the near surface region should be similar to that in the deeper 
regions. Therefore, the depth at which the carrier profile decreases to the expected 
level is considered to be the depth which has been influenced by the gallium vacancy 
indiffusion. Figure 6.7 shows the method used in the determination of the ending 
point of diffusion length of gallium vacancy. Figure 6.8 illustrates the determination 
of diffusion length from carrier concentration profiles of samples annealed for 10 
seconds. The values of xl,x2^  and x3 correspond to the determined diffusion lengths 
for sample annealed at 900^(7, 1000^(7, and 1050*^0 respectively.
However, the method above is subject to a number of unavoidable errors. Firstly, 
it is difficult to determine exactly the expected profile, especially if it coincides 
with the carrier peak at the particular ion energy. Secondly, this effect may not 
be distinctive, it is possible that gallium vacancies can penetrate deeper into the 
substrate but cannot be observed through the increase of carrier concentration. 
Finally, the increase in carrier concentration may not only be effected by the excess
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gallium vacancies with the process mentioned above, other defect species could be 
responsible for this effect.
Nevertheless, results from subsequent experiments which have a good quality en­
capsulant do not show an increase in carrier concentration as observed in this ex­
periment. As the low refractive index of Si^O^N^ caps used in this experiment 
indicates an oxygen rich film, it is assumed that the process is related to the In­
jection of gallium vacancies caused by the outdiffusion of gallium from the sample 
surface. Results from higher refractive index films clearly show the reduction of 
carrier concentration profile (figure 5.15). Kuzuhara et al [40] studied the annealing 
effect of Si^OxNy on other dopants, such as Sn  and S  ( the former is a gallium 
site substitutional dopant and the latter is an arsenic site substitutional dopant). 
They observed an enhancement in electrical activation of Sn  implants, whereas no 
enhanced activation was observed for S  implants. Thus, they suggested that the 
enhanced electrical activation is associated with gallium vacancy formation caused
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by gallium outdiffusion during annealing, and not with a thermal conversion of the 
GaAs substrate nor a silicon indiffusion from the encapsulant. The gallium outdiffu­
sion produces a controlled concentration of gallium vacancies in the GaAs substrate, 
which promotes the incorporation of Sj7 dopants into gallium lattice sites.
There are two unknown parameters in the above equations (6.1 and 6.2), the dif­
fusion energy of a gallium vacancy, Ed, and the pre-exponential, Ed has been 
reported to vary widely, however, a recent study of interdiffusion for the intermixing 
of InGaAs/GaAs by Khreis et al [87] suggests that the activation energy for vacancy 
diffusion is 3.4 0.3 eV. Thus Ed  of 3 eV was used and the Do of Ix  lO^cm^/s was
chosen to best fit experimental values.
Calculated diffusion lengths from equations 6.1 and 6,2 above are shown in figure 6.9 
(curves). Also shown in figure 6.9 are the diffusion lengths estimated from the carrier 
concentration profile which employs the technique mentioned earlier (symbols).
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There is good agreement between results determined from the carrier profiles and 
those from the calculations. However, as there are two unknown parameters involved 
in the 'model ', it is possible that good agreement can be obtained by using 
different combinations of Ed and Do values. Therefore, additional calculations have 
been performed by varying the diffusion energy Ed from 2.0 eV to 4.0 eV. At each 
stage, the pre-exponential. Do was chosen to obtain the best fit of diffusion length 
estimated from the carrier concentration profiles. The results are shown in figure 
6.10.
It can be seen that with Ed at value of 2.0 eV, the best possible fit was obtained 
with Do value of 7x 10“^cm^/s. Here, good agreement was obtained only with the 
diffusion length estimated from carrier concentration profile for samples annealed 
for 100 seconds. Similary, with the chosen Ed value of 4.0 eV and Do value of 
9x 10^cm^/s, reasonable agreement was obtained with two anneal times. Better 
agreement can be seen for the Ed value of 2.5 and 3.5 eV with pre-exponential 
values of lx lO “ ^cm^/s and 1 . 2 x 1 0 ^ respectively. These results suggest the 
diffusion energy of the gallium vacancy is 3.04:0.5 eV which agrees with that found 
by [87] within the experimental errors and best fits the data reported here.
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6.3 Electrical Activation
The general aspects of electrical activation of Si implanted GaAs will be discussed 
in this section. The rate at which the activation takes place during the annealing 
process will be presented, as well as discussion of the activation energy for the process 
including a comparison of values measured in this study with those reported in the 
literature.
6.3.1 Rate of Donor Activation
Activation models have been proposed by several authors over the past few years 
[4, 6]. Most of these are based on sheet carrier concentration measurements which 
assume a constant rate of activation throughout the active layer. However, it will 
be shown that modelling of the activation process from sheet electrical measure­
ments alone is not always accurate since the activities at different depths may vary 
depending on the degree of damage introduced during implantation.
Figures 5.9 and 5.11 in the previous chapter clearly demonstrate that there are two 
distinctive regions in the carrier concentration profiles. Firstly, there is a region 
from the surface to a depth of 0.8 fxm within which the level of activation changes 
significantly at different annealing temperatures. In the second region, from the 
depth of 0.8 fjxn to about 2.2 ^m, the level of activation differs slightly as the an­
nealing temperature changes. These two regions are believed to be different because 
damage levels vary with depth, and the position of the interface between these re­
gions is determined by implant conditions such as ion dose and energy, etc. In 
the following figures the data for a series of isochronal anneals is plotted to best 
illustrate the variation in activation and electron mobility for different depths as 
the anneal temperature is increased. Figures 6.11 and 6.12 show the data obtained 
following anneals of 10 seconds and 100 seconds respectively. The curves plotted are
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Figure 6.11: Variation of electron mobility and carrier concentration with anneal 
temperature for isochronal anneals of 10s. Four different depths are shown covering 
the implant profile (from figures 5.9 and 5.10).
for depths of 0.2, 0.5, 1.0 and 1.5 pm  in figures 5.9 and 5.10.
Consider firstly the curves at 0.2 and 0.5 pm  for the 10 seconds anneals. The carrier 
concentration increases with increasing anneal temperature up to a saturation level. 
For the deep implants, however, much higher aetivation is seen for the lower anneal 
temperatures. After the carrier concentration peaks at around 800 it decreases 
slightly with increasing anneal temperature until 1000 ®(7 is reached, at which tem­
perature the activity again increases. Furthermore, as the carrier concentration is 
decreasing the mobility also decreases by a small amount. This would seem to in­
dicate that compensation is taking place, as ionized impurity scattering should be 
the dominant process in the control of the mobility, and the lattice damage, which 
would be another factor, will reduce as the anneal temperature increases. A similar 
situation is noted for an anneal time of 100 seconds, (figure 6.12). However as the 
time is increased the temperature at which the saturation talces place is reduced.
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the implant profile (from figures 5.11 and 5.12).
Considering all the curves from both figures 6.11 and 6.12, two groups of curves can 
be identified corresponding to: a) shallow implants, and b) deep implants. These two 
groups exhibit different characteristics which can be linked to the level of damage 
introduced during ion implantation. The level of accumulation of damage from 
multiple energy implants is highest at the surface and gradually reduces along the 
depth (see figure 5.8), thus the recovery of the damage is better for deep implants 
even at low anneal temperatures. Nevertheless, to fully activate the impurities in the 
shallower region, higher anneal temperatures are required in order to remove most 
of the damage. Thus, the observed increases in activation as the anneal temperature 
increases is due to the damage removal process in the near surface region, a process 
which is more difficult, (requires more energy) than that in the deeper regions.
Cross-sectional high-resolution transmission electron microscopy of Si implanted 
(100) GaAs studied by Vitali[88] revealed four distinct zones. Starting from the 
surface, the first two zones have been identified as damage clusters, the next zone
8 8
is a region of diffusion of point defects, and the forth zone is a region corresponding 
to unperturbed crystal lattice. These four zones can be simplified into two zones of 
damage clusters and a region of point defects. This finding agrees well with the dis­
cussion of results from Hall measurements presented above. Thus damage clusters 
do not anneal so readily as point defects.
6.3.2 Activation Energy
As mentioned in the literature, the activation energy oî S i implanted GaAs has 
been reported to vary widely from 0.5 to 1.5 eV. An attempt will me made in this 
section to explain these variations.
It was pointed out earlier in section 6.3.1 that there is a difference in the rate 
of activation between the shallow and deep implanted regions. Thus the likely 
explanation for the observed difference is that the reported activation energy was 
based on the values of sheet measurements which does not consider the rate of 
activation at different depths. The electrical activity can also be effected by various 
parameters, as mentioned in the literature, thus the assumption that the reported 
difference in activation energy depends on a number of factors during processing is 
not entirely unreasonable.
Figure 6.13 shows the activation energy based on the values of sheet carrier concen­
trations recorded in section 5.3.1 for 30, 50, and 1000 second anneals. The activation 
energies were determined from sheet carrier concentrations only in the range of an­
nealing temperatures from 750^(7 to OOO^ C. This is because the electrical activation 
above 900®C was observed to be effected by self-compensation in the deeper re­
gion, whereas, the effect of gallium vacancy indiffusion is evident in the near surface 
region.
It can be clearly seen that for short annealing times the value of activation energy is
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Figure 6.13: Sheet carrier concentration for 30, 50, and 1000 seconds anneal as a 
function of reciprocal anneals temperature.
around 0.5 eV which agrees well with most of the values reported in the literature. 
However, an activation energy of greater than 1.0 eV was observed for 1000 seconds 
anneal. This is thought to be associated with other processes taking place during 
the annealing, i.e, the indiffusion of gallium vacancies which was discussed earlier in 
section 6.2.
Hiramoto et a .^[31] reported an activation energy of 0.55 eV using RTA in flowing 
Ar under arsenic pressure supplied by GaAs powder. There is a possibility that 
a high number of arsenic atoms will evaporate from the surface using this tech­
nique. Nevertheless, the reported activation energy agrees well with that reported 
by Cummings et al. [57] who employed a capless technique to anneal the higher 
dose of lxlO^®cm“  ^ implanted at an energy of 60 keV.
An activation energy of 0.79 eV reported by Adachi et at. [89], nevertheless, was 
also obtained from a capless annealing method which is similar to those reported by
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Tiku et al. [2] ( 0.76 eV) through the use of dielectric encapsulant. However, the 
annealing time employed by Adachi et al. was short ( 3 seconds), thus it could be 
argued that the activation characteristic falls into the time-dependent region of the 
activation model proposed by Morris and Sealy [6]. Therefore, the activation energy 
derived from the sheet electron concentration is not entirely correct.
Considering another factor, the activation energy calculated from the sheet carrier 
concentration may not be the best representation of the processes taking place in 
the material. The sheet values can be viewed as the product of several processes 
occurring at different rates as mentioned in the previous section. To clearly demon­
strate this idea, results from the flat damage multi-energy implant will be discussed 
below.
Carrier concentration profiles of flat damage multi-energy implants (figure 5.21) 
clearly show that there are two distintive regions of electrical activation, a) from the 
surface to the depth of 0.6/im, b) from the depth of 0.6/zm to the bulk. Thus, the 
sheet carrier concentration used in the calculation of activation energy represents 
the attainment of activity in both regions. However, it is obvious that the changes of 
the activity in the shallower region are more dependent on the annealing conditions 
than that of the deeper region. Therefore, it should be particularly interesting to 
obtain an activation energy in this near surface region.
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Figure 6.14: Sheet carrier concentration and avarage carrier concentration in the 0 
- 0.6/fm region plotted against reciprocal anneal temperature for 10s anneals.
Figure 6.14 illustrates the activation energy calculated from sheet electrical con­
centrations and from the averaged carrier concentration in the region of 0 to 0.6 
fjm. The averaged carrier concentration is defined as the difference in sheet carrier 
concentration at zero depth and 0.6/im, divided by O.Qfxm. The activation energy 
obtained from the sheet carrier concentration is lower (0.5 eV) than that calculated 
from the averaged concentration (1.3 eV). This is a clear indication that there is a 
different rate of activation taking place near the surface.
A summary of published values of activation energy for electrical activation of silicon 
implanted GaAs is shown in table 6.1 below:
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Ion Energy (keV) Dose (cm Saturation Energy(eV) Ref
Si 30 4.5x1013 0.48 [90]
Si 60 1x1013 0.51 [57]
Si 100 1x1013 0.43 [91]
Si 100 IxlffU 0.53 [91]
Si 150 1x1013 0.55 [31]
Si 150 5x1013 0.79 [89]
Si 200 6 x 1012 0.54 [58]
Si 200 5x1013 1.0 [59]
Si 200 1x1014 1.0 [59]
Si,P 200 5x1013 1.45 [59]
Si,P 200 1x1014 1.45 [59]
Si,B 200 6 x 1012 0.63,0.5 [59]
Si,B 200 6x1012^2 4-3 X 1013B 1.0,0.5 [59]
Table 6.1: Activation energy for electrical activation of silicon implanted GaAs.
It is difficult to draw any definitive conclusions from the data presented in table 6.1. 
However, the larger values of about 1.0 -1.5 eV may correspond to high damage levels 
in the implanted layer which is determined by several factors, such as dose and dose 
rate [25], implantation conditions [92], etc. As mentioned earlier in section 6.3.1, 
the variation of activation energy might be due to the difference in the activation 
rate which is thought to be governed by the damage level introduced during ion 
implantation. Prom table 6.1 above, some with double implants ie., B,
appear to have high activation energies. This is thought to be the result of more 
damage being introduced during ion implantation.
Studies of sulphur and selenium in GaAs by Berio et al. [93] revealed that for 
implants at room temperature, the two dopant species show different annealing be­
haviour, characterized by a different activation energy of 1.2 eV and 2.2 eV for 
sulphur and selenium respectively. This difference, however, disappears when im­
plants are performed at high temperature. They suggested that the variation of 
activation energy might be caused by the difference in experimental conditions. Thi s
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agrees well with a study of silicon in GaAs carried out by Haynes [25] who have 
reported that electrical activation is strongly effected by implant temperature and 
dose rate as shown in figure 2.1.
The effect of the amount of damage on electrical activation was also reported by 
Kanayama et al [94] for selenium and silicon implanted GaAs. In the case of silicon 
they found that an increase in the initial amount of the irradiation damage delays 
the activation process, in other words, it needs a longer annealing time to get an 
equivalent level of electrical activity in the more damaged sample. Pearton et « .^[92] 
have shown that the activation energy of Te,Cd and Sn fell broadly into two cat­
egories: “low” values in the range of 0.4 - 0.8 eV, and “high” values in the range of 
1.7 - 1.9 eV, depending on ion dose and implant temperature. The former category 
includes all of the Cd implants, regardless of dose or implant temperature, and also 
elevated temperature oî Sn  and T e  implants. The second category includes all high 
dose implants of Sn  and Te performed at room temperature or at -196 and most 
of the lower dose implants of these species at the same temperatures. They noted 
that the low values (of activation energy) include all of the acceptor dopants, which 
show high levels of activation even for relatively low annealing temperatures or for 
high doses. They suggested that this is a result of high substitutional fractions of un- 
complexed acceptors for these conditions. By contrast the high values of activation 
energy are associated with donor implants, and they suggested that the formation 
of donor-vacancy complexes is the likely explanation. Sealy and co-workers [6] have 
proposed a similar mechanism, that low values of activation energy are associated 
with the motion of the implanted species to an isolated substitutional lattice site, 
whereas the high values correspond to the breakup of the complexed donor-vacancy 
defects.
In summary, the reported activation energies of silicon implanted GaAs vary widely. 
It has been suggested that these variations are the result of irradiation damage in­
troduced during ion implantation, the amount of which is controlled by various
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processing parameters, such as ion dose, dose rate, implant temperature and ion 
species. The rate at which implanted impurities become electrically active depends 
strongly on the amount of damage introduced during ion implantation. The dis­
cussion of the activation model which talces in to account the observed difference of 
activation energy will be presented in section 6.5.
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6.4 Annealing Mechanism
The thermodynamic model has been developed to explain the incorporation of Sn  
and Se  in GaAs., because, for example. Se  has been shown to sit preferentially on 
an As site [95], whereas Sn  is always found on the Ga site (despite the fact that 
it belongs to Group IV which contains the amphoteric species). Even though this 
model has been successfully applied to explain the activity oi S i [4], the strong 
amphoteric behaviour of S i leads to a doubt over the true nature of its activation 
mechanism. As mentioned in the literature, several factors during the implantation 
and annealing processes can effect the activation efficiency of Si in GaAs. Besides, 
several forms of compensated defect species have been identified, which have required 
a more complicated model to be proposed.
In this section, the annealing kinetics of silicon in GaAs are discussed. So as to 
simplify the presentation, the discussion will be divided into two main categories, 
before and after an optimum anneal temperature, since, it is believed that the 
activation process in these two regions is governed by different factors.
6.4.1 Low Temperature Region
The activation process in this region is complicated but thought to be the incorpor­
ation of impurity atoms onto lattice sites and the removal of the damage. Results 
from Hall measurements (Figures 5.9 and 5.21) suggest that the activation develops 
from the bulk to the surface as the anneal temperature increases. It is not clear, 
however, what is the dominant process in this region.
Vacancy Depth Profile
After implantation, an anneal is required to remove lattice damage and to incor­
porate implanted impurities onto substitutional lattice sites. To achieve a certain
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electrical activation, an impurity atom, or a host interstitial atom (Ga or As) mi­
grates until a suitable sink is found which allows the implanted impurity to become 
electrically active.
In the case of Si, an initial annealing at a temperature of about 750*^C is believed 
to restore the crystallinity of the implanted damaged layer and to place most of 
the implanted atoms on substitutional sites. Results from Hall measurements have 
shown that the activation of implanted ions in the deeper region is generally good 
even at 750^C anneals and changes slightly at higher temperatures. However, the 
activity in the shallower region varies markedly for samples annealed at different 
temperatures. This is an indication of the effect of implantation induced damage on 
subsequent dopant activation [96].
Positron annihilation measurements were conducted to investigate the vacancy type 
defect in silicon implanted GaAs activated at different annealing temperatures. The 
activation mechanism will be discussed in conjunction with electrical profiles ob­
tained by Hall measurements. Results from both measurements have been presen­
ted in the previous chapter (figure 5.21 and 5.22). The following discussion will 
concentrate on the correlation between results from both measurement techniques. 
The unimplanted, unanneaied capped (removed) S  curve appears similar in shape 
to that of the uncapped except for a change in the surface S  parameter. This may 
be an indication of defects induced by the capping procedure suggesting that the 
plasma process introduces a small number of vacancies.
For the as-implanted sample, the value of S increases to 1.04 compared with a value 
of 1.00 for the bulk obtained from an uncapped, unimplanted sample. The value of 
1.04 is associated with point defects of a structure similar to that of the divacancy 
[98] and shows that the ion dose is high enough to produce a saturation of the 
trapping of the positrons. It has been discussed earlier that gallium vacancies tend 
to dominate positron trapping in ion implanted GaAs due to their charge state and
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so it is assumed that the defects observed are composed of gallium vacancies or 
vacancy-like complexes.
The S  parameter data can be adequately fitted assuming a defect concentration of 
at least 4.5x10^® distributed evenly to a depth of 0.5 /zm which is shallower than 
might be expected from the measured distribution of the implanted ions. However, 
the defect profile is consistent with that theoretically predicted by Gibbons [8], and 
is also consistent with the carrier activation obtained from Hall measurements, which 
shows that the effects of implant induced damage on the activation of the carriers 
is most dramatic in this near surface region.
Upon annealing at 750^0 the concentration of defects to the depth of 0.5/um de­
creases to a value of 3x 10 ®^cm“3 shown in the positron measurements as a decrease 
in the S  parameter. Annealing to higher temperatures further reduces the con­
centration of defects up to a temperature of lOOO^C, whilst at the same time the 
activation of the carriers increases. Although anneals at this temperature result in 
the saturation of the carrier activation, the level of the S  parameter does not return 
to the value of the unimplanted sample indicating the presence of a residual vacancy 
defect concentration of 2.5xl04^cm~3.
The Arrhenius plot of the concentration for measured defects is shown in figure
6.15. The deduced value of the activation energy for the annealing of vacancies is 
l.l±0.4eV  in the temperature range of 750-1000^(7. Although there is a difference 
between this value and that obtained from the sheet carrier concentration (0.5 eV, 
see figure 6.14), it should be noted that the sheet carrier concentration includes 
those carriers activated at depths greater than O.bfim where the concentration of 
the defects is low. This would artificially decrease the activation energy for the 
carriers compared to that which could be deduced for those situated in a region 
of high defect concentration. These values therefore provide evidence of a possible 
correlation between the activation of carriers and the annealing of vacancy type
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Figure 6.15: Arrhenius plot of defects concentration in the temperature range of 
750-1000®C for positron annihilation (from figure 5.22).
defects.
Results from positron annihilation and Hall measurements are consistent with the 
idea that the activation is at least precursored by the annealing of the implantation 
defects, which are therefore likely to consist of complexes involving gallium vacancies.
Consider the following two simple activation mechanisms as described in the liter­
ature. In the first mechanism, implanted silicon atoms ( presumably in interstitial 
positions) exchange positions with Gaoa and A sas lattice atoms via the so called 
kick-out mechanism. A second mechanism is that the implanted silicon atoms loc­
ally redistribute to vacant lattice sites and become electrically active, the so called 
vacancy mechanism.
Lee et al [56] studied a vacancy-like defect using the positron annihilation technique 
and reported that the carrier generation is enhanced with increasing second-stage 
anneal time, although the depth profile of the vacancy-type defects is not changed
99
regardless of the duration of the anneal time. They concluded that the electrical 
activation of silicon implanted GaAs proceeds by the exchange of interstitial silicon 
with substitutional host atoms rather than the recombination of an interstitial silicon 
atom with a vacancy. Their results, however, are based on the duration of a second- 
stage anneal time which was carried out at 850®C, whilst the first stage anneal 
was carried out at 900^0 for 5 seconds. Considering their annealing schedule, it is 
possible that the point defects were fully removed or impurities were fully activated 
during the first stage anneal. Our results have also shown that no further reduction 
of the S  parameter occurs after 900®C anneals for 10 seconds.
Adachi [89] observed an activation efficiency of about 25 % for a sample annealed 
at 900®C for 3 seconds compared to about 20 % reported by Lee et al. for the 
anneals at the same temperature for 5 seconds. The difference is thought to be due 
to the different incident ion energies ( 150 vs 120 keV) and ion dose ( 5 xlO^® vs 
3 xlO^^). Thus, it is questionable whether their suggestion of interstitial silicon 
exchanging with substitutional Ga is correct. Simpson et al. [79] reported that a 
reduction of the vacancy profile occurred due to annealing ( no detail was shown ), 
and suggested that the difference between their results and those of Lee et al. may 
in part be due to statistics, since the scatter in the data of Lee et al. is such that the 
reduction in point-defect concentration would not be clearly evident. They further 
suggested that the SILOX cap used by Lee et al. would allow gallium outdiffusion, 
with the injection of Vca into the material during annealing. Thus, it is possible that 
this could result in a competition between dynamic defect recovery and injection of 
vacancies during the annealing process. This may explain the observation by Lee et 
al. that the vacancy profile did not change.
Subsequent experiments by Lee et al [80] also support the above kick-out mechan­
ism, as they observed a decrease in the concentration of vacancy-like defects with 
increasing anneal time for a sample capped with but no further increase
of the sheet carrier concentration was observed. However, the results of proximity
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capping and Si02  capping do not follow this behaviour. There is also some doubt 
concerning their positron annihilation results, as the profiles of point defect exten­
ded to more than 2 fixn while the impurity profile is expected to be in the region of 
about 0.2 as estimated from TRIM simulation.
Shikata et al. [97] also suggested that the activation of implanted silicon in GaAs 
is more likely to be controlled by the kick-out mechanism as the concentration of 
vacancy-type defects for S i0 2  cap annealing was found to be much larger than that 
produced by S iN  cap annealing, but the activation efficiency determined from the 
sheet resistivity was low for Si02  cap annealing. They argued that if the activation 
process is controlled by the vacancy mechanism, activation should be accompanied 
by a decrease in the concentration of Vgo? as long as the defect complexes such as 
Vca — Sioa do not exist. This assumption, however, cannot be overlooked, as our 
PL spectra suggest that there are a high number of Vca complexes following an 
800®(7 anneal, which was employed in their study. This temperature is too low to 
fully remove most of the implant damage, therefore, more silicon impurities could be 
activated but are compensated by the excess Voa which could not be fully removed 
at this temperature.
Undoubtedly, the above discussions will lead to the question , what is the mechanism 
for carrier activation of S i  implanted G aAsl It is concluded that several positron 
annihilation experiments tend to suggest the kick-out mechanism.
Damage Annealing Simulation
Additional information of damage recovery can be obtained by the simulation of 
damage removal upon annealing. The following procedures have been carried out in 
order to obtain more information from the carrier concentration profiles.
Carrier profiles of medium dose multi-energy implants have been used in this study.
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At a depth of less than 0.8 the carrier profiles can be seen to increase with 
increasing annealing temperature , however, at a depth greater than 0.8 /zm there is 
little change in the activity. As suggested earlier, because of the low damage levels 
deep in the material, good electrical activity can be obtained after annealing as low 
as 750®(7. But the activity in the shallower region is controlled by implant induced 
damage which cannot be completely removed below 900®C, thus the changes of the 
electrical profiles are more pronounced in this region in depth.
The sheet carrier concentration only gives information of how many carriers have 
been activated in total. Therefore, it is interesting to be able to obtain residual 
damage levels after each annealing condition. To obtain the inactive fraction of 
impurity atoms by subtracting sheet carrier concentration (active impurities) from 
the dose (total impurities) is not possible due to the amphoteric nature of the silicon. 
Thus let us assume that if the damage level in the shallower region is at the same level 
as in the deeper region where impurities are almost fully activated, the carrier profile 
would appear flat throughout the profile at each annealing condition. Therefore, 
if the carrier profiles at this level can be obtained, then the inactive fraction of 
impurities can be determined. This will provide information on the annealing of 
damage introduced by ion implantation.
One approach is to assume a flat carrier distribution ( to be called expected carrier 
distribution from now on) by using the carrier profile following a particular annealing 
condition (i.e. at 900®C which appear to be flat) as a reference level. However, this 
will lead to an error due to compensation which is evident from the sheet carrier 
concentration as shown in table 6.2 below, where the sheet value at 900®C is lower 
than at 800®(7 and 825®C. An alternative approach is to estimate the expected 
carrier distribution from each annealing condition by assuming that the most likely 
carrier profile should follow that of the highest energy pealc (2 MeV) where the 
implant induced damage is at its smallest.
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To achieve this, Gaussian fitting was employed to determine the activation level 
of each implant peak, for example, carrier profile of the 96 keV implant can be 
approximated by Gaussian profile assuming 30 % impurity activation for 900®C, 10 
seconds anneal. The percentage of activation of other implant energies was also 
estimated using the same method.
The values are shown in table 6.2 for samples annealed for 10 seconds. The estimated 
sheet carrier concentration (see column 6) was calculated from the percentage of 
activation for 2 MeV peak (column 5) multiplied by the total dose (2xlO^'*cm“^).
Temp ®C 96 keV 332 keV 874 keV 2 MeV Ns estimated 
(cm“ )^
Ns experiment 
(cm"^)
750 0 0 10 45 9x1013 4.1x1013
775 0 0 35 55 11x1013 5.42x1013
800 0 6 30 53 10,6x1013 6.61x1013
825 5 20 40 47 9.4x1013 7.1x1013
850 25 25 35 40 8x1013 6.28x1013
875 30 25 35 37 7.4x1013 6.64x1013
900 30 25 30 37 7.4x1013 6.36x1013
Table 6.2: Percentage activation for each implant energy of medium dose multi­
energy implant (Section 5.3.1) after annealing from 750 to 900®C for 10 seconds, also 
shown are the estimated sheet values and those obtained from Hall measurements.
It can be seen that the level of activation of impurities implanted at 2 MeV is 
always greater than that of lower energies which is suggested to be due to the fact 
that the lowest level of implant induced damage occurs in this region. Little or 
no activation can be observed at the implant energy of 96 and 332 keV where the 
accumulated damages are at their highest, after annealing up to 800®C. As the 
temperature increases, the activation of deep implants show signs of compensation 
while an increase in activation can be observed for shallow implants.
The difference between the expected and measured sheet concentration is therefore
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Figure 6.16: A plot of j .. ’'concentration for inactive fraction versus inverse an­
nealing temperature, annealed for 10 seconds, (from table 6 .2).
argued to represent the inactive fraction of implanted impurities. A plot of
' reciprocal annealing temperature of this inactive fraction is shown in figure
6.16. The deduced activation energy is 1.5 eV which is greater than that obtained 
from the sheet carrier concentration ( 0.7 eV in the temperature range 750 - 825®C7 
). As previously described the sheet concentration represents the combination of all 
the processes involved in the active layer, therefore, the lower value of the activation 
energy (0.5 eV) is thought to be the effect of slight compensation of the deep implant 
as suggested by the percentage activation shown in the table. This result is similar to 
that obtained for the vacancy depth profile using positron annihilation as described 
previously. The activation energy deduced here is slightly greater than that shown 
previously ( 1.5 vs 1.1 eV ). It is believed that this is due to the difference in 
the damage profile between these two experiments, since here the damage profile 
gradually decreases with depth. Thus, damage recovery is thought to be faster than 
in the previous experiment which will result in a higher activation energy. Another 
possible explanation which may effect the activation energy is the indiffusion of
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gallium vacancies, because of the poorer quality of the encapsulant used in this 
experiment. Finally, the difference in the activation energy may be due to errors.
Nevertheless, the result shown here suggest that the activation is also precursored by 
the annealing of the implant induced damage as damage recovery appears to progress 
from the bulk up to the surface. In the bulk where implant induced damage is low, 
good activity is observed to occur even at temperature as low as 750®C.
Compensating Species
There are several compensating species which have been identified as playing an 
important role in determining the electrical efficiency in silicon implanted GaAs. In 
this section the effect of compensating species, Sioa donor-acceptor pairs, Sioa — 
StAsi and Sica donor - gallium vacancy(Vba) pairs, will be discussed.
S i o a  ~  S i A s  neutral pairs
A study of the local vibrational modes(LVM) of lattice sites for S i  implanted GaAs 
by Nakamura et al [30] revealed that silicon at the arsenic sites prevents generation 
of carriers, and those at the gallium sites have no contribution to the generation of 
carriers if they form pairs with silicon at the arsenic sites. This is consistent with 
results reported by Bhattacharya et al. [29] who claim that the Sioa ~  neutral 
pair is the most probable reason for the low electrical activity measured in their 
experiments. This complex appears to play an important role in compensating the 
material and thereby in determining the activation efficiency. Ionized S i atoms may 
attract each other through mutual interaction, such as their long range Coulomb 
interaction, which leads to the formation of S i pairs as indicated in equation 6.3 
below:
 ^ (Sioa “  SiAs){complex) (6.3)
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Figure 6.17; Photoluminescence spectra at lOK.
Figure 6.17 shows the normalised PL spectra of 200keV single energy implant 
annealed in the temperature range of 750 to lOOO^C. The peak at about 1 eV 
(1240 nm) is seen to decrease, in relation to the peak at 1.489 eV (832 nm), as the 
annealing temperature is increased. Harrison et al. [75] attributed the former peak 
to a transition of Sica — SiAs pairs. In relation to the carrier concentration profiles of 
the same set of samples as shown in figure 5.1, at higher anneal temperatures better 
electrical activity is observed. Thus, it is likely that better electrical activation is 
partly due to the smaller number of Sica — SÎas neutral pairs compared with that 
of silicon donors (Sica)-
Nevertheless, the sample annealed at 900®(7 shows the presence of (Sica ~ ^^As ) 
neutral pairs which completely disappear after annealing at 1000®C. The activation 
level, determined from carrier concentration profiles, appears to reach a maximum 
at 1000®C, thus it is possible to argue that the reduction of (Sica ~ ^^As) neutral 
pairs is responsible for the increase in electrical activation.
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Figure 6.18: Absorption spectra of Si implanted GaAs after implantation and 1-hour 
annealing at the temperature shown. The ax  scale applies to all spectra. Ref [28]
However, from other sets of experiments presented in chapter 5, the optimum anneal 
temperature has been observed to be about 900 to 950®C. Therefore, the above 
results might be explained by the fact that higher carrier concentration observed for 
lOOO^C anneals is possibly associated with the effect of gallium vacancy indiffusion. 
If this  is correct, then it is possible that the complete reduction of {Sioa ~  S îas) 
neutral pairs at lOOO^C is the interaction of gallium vacancies with the (Sica~ S îas) 
complex:
{Sioa — S i A s)  +  V d a    ^ SlQa +  SlQa +  V as (6.4)
This produces more net donor activity at the expense of acceptors. If the above 
assumptions are correct, then it is less likely that the activation process is solely 
the reduction of {Siaa—SiAs) neutral pairs because of its high concentration observed 
even at 900®C.
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Infrared absorption bands of LVM studied by Skolnik et a/. [28] for samples isochron- 
ally annealed from 200 to 900^(7 using conventional annealing method for 1 hour 
revealed that upon annealing above 650^(7 the {Sica — SiAs) pair band increases 
until 750®(7 after which only small changes are observed, as shown in figure 6.18. 
Furthermore, this band still remains even after annealing at 900®(7, but the ratio of 
this band with that of the silicon donor (Siao) apparently decreases as the anneal 
temperature increases. These findings are consistent with the PL results above. 
Thus, this seems to indicate that the (Siaa~SiAs) neutral pair might have an effect 
on the electrical activity and that the {Sica — S îas) neutral pair still remain at 
temperature even as high as 900®(7.
However, the interpretation of PL spectra above might not be entirely correct, as the 
defect concentration cannot be accurately obtained from PL measurements unless a 
very careful calibration is used. Another factor which might need to be considered is 
the identification of PL spectra. The {Sioa—SiAs) band at about 1 eV is considerably 
close to {Sioa — Lgo) band at 1.14 eV for triply charged gallium vacancy in the 
complex as reported by Bonapasta et al [77]. It might be possible that the observed 
spectra are in fact predominantly due to the {Sioa — ^Ga) complex, therefore the 
above argument may not be conclusive.
S i c a  — Lca compensating pair
It has been previously shown from the positron annihilation technique that gal­
lium vacancy or vacancy-related complexes could play a major role in the activation 
process. However, the defect species cannot be accurately determined from this tech­
nique. Photoluminescence has been accepted to be a useful technique to determine 
the defect structures in the implanted layer. Recent studies [64] have successfully 
identified the transition for the complex Sioa — Voa from PL measurements.
Figure 6.19 shows normalized spectra of unimplanted GaAs annealed for 10 seconds 
as described in the previous chapter. The Si acceptor and Si donor band (1.49
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Figure 6.19: Normalized PL spectra of unimplanted GaAs annealed for 10 seconds.
eV) is found to increase with annealing temperature, it is thought that more silicon 
atoms diffuse into the substrate and occupy lattice sites. The observed intensity of 
all spectra annealed at 750®C are low and it is thought that only a small number 
of silicon atoms diffuse into the substrate at this temperature. At higher anneal 
temperatures, more silicon atoms are believed to diffuse from the encapsulant into 
the substrate which then become active and contribute to several PL transitions as 
observed from the spectra. The transition which has been attributed to the donor- 
gallium vacancy complex {Sica — Vca) is found to be present in samples with anneal 
temperatures upto around 1000^0.
However, the donor-vacancy complex band is found to decrease at temperatures 
above lOOO^C. It seems to indicate that this complex breaks up or is unstable at 
high temperature, as at this temperature, it is likely that more silicon atoms diffuse 
into the substrate and occupy substitutional sites and are likely to form complexes 
with gallium vacancies , as is evident at lower temperatures. Another interesting 
point to note is the insignificant intensity from most of the spectra of the neutral
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pair {Sioa ~  SIas) transition at about 1 eV (1240 nm).
6.4.2 High Temperature Region
It has been widely observed that the electrical activation of silicon donors increases 
at first with increasing annealing temperature, reaches a maximum and falls again 
at higher temperatures. This optimum temperature depends on the annealing time 
and on the encapsulating layer and techniques [39, 27, 2, 99, 16, 55] with few excep­
tions [40] which report ever increasing activation with increasing temperature. The 
decrease in activation at temperatures above the optimum annealing temperature 
is believed to be due to self-compensation. Despite the fact that other compens­
ation species can be responsible for the reduction of carrier concentration in this 
region, it was clearly shown in section 6.2.1 that annealing at high temperatures the 
(iVj-f-iV^) profile shows that most S i atoms are on substitutional lattice sites and 
electrically active. Therefore, it is likely that the concentration of other compens­
ating species is minimal. Additionally, results from positron annihilation analysis 
do not indicate the presence of significant concentrations of gallium vacancies (or 
complex) after annealing at temperatures higher than 900^C where the reduction 
in carrier concentration generally occurs. Thus, it is likely that the reduction of 
the carrier concentration is not due to the formation of the silicon donor/gallium 
vacancy complex. NormalWi# of the experiments shown in section 6.2,1 also show 
a high intensity of silicon acceptors for high anneal temperatures as shown in table 
6.3 below.
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Temperature
(*C)
Measured Intensity 
(a.u.)
Normalized Intensity 
(a.u.)
850 106 9.6
950 1079 30
1050 1289 61
Table 6.3: PL spectra of SÎas transitions (1.4 eV) for high dose multi-energy implants 
(Section 5.3.2), the normalised values being obtained using the 1.489 eV peak.
However, the reduction of carrier concentration due to the formation of {Sioa^SiAs) 
neutral pairs cannot be ruled out. If this process takes place at high anneal temper­
atures, most silicon atoms will still occupy substitutional lattice sites. Nevertheless, 
mobility profiles for high anneal temperatures (> 950®C) change slightly which indic­
ates that the impurities are ionized. Therefore, the likely compensation mechanism 
is that silicon donors switch sites to become acceptors and only a small number of 
{Sioa “  SiAs) neutral pairs may form.
The decrease in activation above the optimum temperature in rapid thermal anneals 
has been attributed to As loss by some authors [31, 100]. However, Tiku et a/. [2] 
suggested that the decrease in activation at temperatures above the optimum an­
nealing temperature can be explained due to an increase in silicon self-compensation. 
That is, at high anneal temperature a small proportion of silicon atoms starts to 
switch from Ga sites to As sites and thus electrically compensate.
The following three reactions are conceivable as the mechanism for the transfer of 
S i atoms from gallium sites to arsenic sites:
Sioa + Vas ^Ga + SiAsi (6 5)
Sioa + ^Sas ^Ga + SiAs + ASi, (6.6)
SiGa +  As As AsGû +  SiAs' (6-7)
In reaction (6.5) the transfer process is coupled with site exchange of Sica with 
arsenic vacancies. Reaction (6.6) is a rather difficult process since it involves the
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generation of arsenic interstitials. Reaction (6.7) is also thought to be a difficult 
process since the direct exchange between atoms sitting on the lattice sites seems 
to have a high-energy barrier. Therefore, the most probable process for the transfer 
is thought to be reaction (6.5), where gallium vacancies will be generated at the 
expense of arsenic vacancies.
Recently, Lambert! et al. [76] suggested that the reduction in electrical activity of 
silicon implanted GaAs at higher annealing temperatures (930°(7) is correlated with 
the presence of acceptor centers, S ias- Their photoluminescence spectra also show 
the presence of the next-nearest-neighbour complex (S zas — Vas) which behaves as 
an "acceptor like” defect.
These results are consistent with the PL spectra at 4.2 K using an argon ion laser 
at 488 nm  reported by Tiku et al. [2]. They observed that the S i acceptor band 
is found to increase monotonically with annealing temperature for a given dose 
under RTA conditions. They concluded that at high temperature S i starts to prefer 
arsenic sites because of thermodynamic reasons. Thus the carrier loss is due to 
self-compensation.
Results from medium dose multi-energy implants, however, reveal that at high an­
neal temperatures good electrical activity can be obtained. Nevertheless, it was 
shown that due to variations in the quality of the encapsulant used in the study, 
other factors such as gallium vacancy indiffusion might play an important role in 
enhancing the electrical activation, especially at high temperature and longer anneal­
ing times. Therefore, with a better quality of encapsulation material, the reduction 
of carrier concentration can be observed at higher annealing temperatures as shown 
in figure 5.15.
The reduction of the carrier concentration at high temperatures observed when 
capless rapid thermal annealing was employed [99], however, cannot be entirely 
attributed to site transfer of silicon from gallium to arsenic sites. This is because
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the reduction in the activation for high temperature anneals can be closely related 
to surface decomposition due to arsenic atom evaporation [99, 31]. As the arsenic 
atoms are evaporated from the surface arsenic vacancies are produced leading to 
more silicon on arsenic sites which become acceptors.
6.4.3 Damage Removal
In GaAs, amorphous lay?\s caused by ion implantation, recrystallise epitaxially dur­
ing annealing at low temperature in the region of 150°(7 to 200®C, however, the 
recrystallized layers are highly defective, consisting of twins, stacking faults and 
other defects [13]. At temperatures in the range 400-500^(7 these defects anneal out 
to leave only a high density of dislocations loops, which grow and annihilate above 
about 700^C.
The investigation of extended defects in GaAs following epitaxial regrowth of 
amorphous layers studied by Opyd et of. [103] revealed that the stacking faults and 
microtwins surrounded by dislocation networks extend to the surface following re­
growth. Although many stacking faults and dislocations are removed at lower tem­
peratures, temperatures in the range of 700°C are required for complete microtwin 
removal which are found to propagate to the surface.
The incorporation of dopant atoms onto substitutional lattice sites appears to start 
at temperatures around 600®C, but optimum electrical activity is not obtainable un­
til about 850®(7. Even at this temperature, structural damage still exists. Gwilliam 
et a/. [58] reported a high density of dislocation loops of differing sizes which can be 
observed for both furnace annealed and rapid thermal annealed samples.
However, the relationship between the number of dislocations and electrical efficiency 
is still not clear. Hyuga [101] reported that for uniform dopant concentration, 
the activation efficiency decreases in the surface region where the dislocation dens­
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ity is low, which they later concluded is caused by increases in the Si^s acceptor 
concentration.
Carrier concentration profiles from this study reveal that damage recovery starts 
from the bulk to the surface when the anneal temperature increases. This is 
thought to be associated with implant induced damage being removed more eas­
ily at higher temperatures. Theoretical Calculations of S i  implanted GaAs carried 
out by Christel and Gibbons[102] has shown that the recoiling of Ga and As  from 
the near surface region results in a net vacancy concentration there while Ga and 
As atoms pile up deeper into the substrate producing a local net excess. Similar 
calculations performed by Opyd et al. [103] also showed that Ga and As displace­
ments were high in the near surface region for single energy implants at the dose of 
1x10^^cm~^ with a net vacancy concentration in the near surface as shown in figure 
6 .20 .
The net vacancy concentration generated in the near surface region agrees well 
with that predicted by TRIM. Additionally, the study of vacancy and vacancy-like 
defects utilising the positron annihilation technique revealed high concentrations of 
vacancies shallower than the S i atom peak for as-implanted samples. The reduction 
of vacancy defects can be observed after thermal annealing. This indicates that the 
early stages of the annealing of the damage, in which displaced atoms return to their 
original lattice sites, does not result in complete recovery of the crystal structure, 
that is, the material still is highly defective. This conclusion is based on the fact 
that although the number of vacancy related defects have been substantially reduced 
upon annealing at high temperatures, the electrical activation efficiency is hardly 
changed in the near surface region.
Electrical activation is low at the near surface region for both single energy implants 
and multi-energy implants when annealed at 750*'(7, despite good electrical activities 
being observed in the bulk region. At this temperature, however, a high number of
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Figure 6.20: Depth profiles of theoretical calculations for a lO^^cm  ^ Si implant at 
100 keV into GaAs Ref [103],
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vacancies or vacancy-like defects were still observed by positron annihilation which 
shows that the reduction of the vacancy concentration progresses from the bulk to 
the surface (See section 6.4.1), despite the fact that there is little increase in electrical 
activation observed from Hall measurements. Once the temperature reaches 900®<7 
no furthur reduction of vacancy-like defects is observed. Nevertheless, the optimum 
electrical efficiency cannot be obtained until 950®(7.
Results from above experiments (Section 5.3.3, figures 5.21 and 5.22) indicate that 
the electrical activation of impurities is precursored by the removal of lattice dis­
order, which is high in the near surface region, similar to that shown in figure 6.20. 
Although figure 6.20 shows the calculation for a single energy implant, the depth 
profiles for samples studied here is expected to be similar. Once most of the dis­
placement damage has been removed the activation processes involve the removal 
of other point defects such as vacancies and dislocations.
Serveral authors have reported a high density of dislocation loops remaining at 
high temperature anneals for high dose [23, 104]. This might be another factor 
for the observed low electrical efficiency at high dose. Implants at high dose will 
cause considerable damage to the material, and subsequent annealing of the material 
will restore the crystal structure. However, the remaining damage in the form of 
dislocation loops cannot be annealed out completely even at high temperatures.
6.4.4 Summary
In summary, in order to clarify the activation mechanism for S i implanted into 
GaAs, several measurement techniques were employed. Several models have been 
proposed in order to explain the mechanism which Si impurities become electrically 
active. Recently, the kick-out mechanism has been proposed by several authors 
by correlating Hall measurements with that of the positron annihilation [56, 80]. 
However, their conclusions are suspect, either because of the experiment schedule,
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or data integrity.
Nevertheless, it has been demonstrated that in the bulk, where the implant induced 
damage is low, good electrical activity can be obtained even at low anneal temper­
atures. However, to fully activate the impurities in the near surface region, anneal 
temperatures of 900^(7 or above are required, but the overall efficiency will be de­
graded due to electrical compensation. Prom PL spectra, it was suggested that 
the dominant compensation mechanism involved the transfer of S i impurities from 
donor to acceptor sites rather than the formation of {Sioa — S îas) neutral pairs.
The activation mechanism is believed to be associated with the removal of lattice 
damage. Implant impurities will become electrically active once most of the dis­
placement atoms migrate back and to their correct lattice sites. The generated 
carriers could also become trapped by point defects, such as gallium vacancies to 
form a complex defect. However, the concentration of these defects is thought to be 
relatively small.
6.5 Activation Model
6.5.1 Introduction
Various models have been put forward to explain the behaviour of impurity atoms 
incorporated in GaAs. Sealy and co-workers have developed a theoretical model as 
described Chapter 2. Activation energies can be determined using their model and 
table 6.4 gives values for a number of different implanted ion species.
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Ion Dose (lO^ **cm E . (eV) (eV)
Be 5 0.32±0.05 2.34:0.1
Mg 5 0.98±0.10 2.454:0.1
Zn 10 0.37±0.05 -
Sn 1 1.2±0.1 2.54:0.1
Se 1 1.2±0.1 2.54:0.1
S 1 l . l iO .l *
Table 6.4: Activation and diffusion energies for ion implanted GaAs Ref[105].
The results fall into two categories: (i) values of Ea (activation energy) in the range 
of 0.3 - 0.4 eV and (ii) values of E^ of 1.0 - 1.2 eV. It was suggested that inactive Be  
and Z n  atoms occupy interstitial sites. During annealing a gallium vacancy diffuses 
close by and is occupied by the Be  or Z n  interstitial atom as shown below:
Bei Vca Beoa (0'8)
the energy required for this process is about 0.3 - 0.4 eV. The diffusion energy of 
gallium vacancies was found to be about 2.5 eV which is close to that reported 
by Toyama [106] and Palfrey et al. [107]. In the case where Ea is about 1 eV 
for Sn, Se  and 5, this has been suggested as the energy required to break up the 
complex in which the impurity is associated and where it exhibited a neutral or 
compensating behaviour and to put the impurity on the substitutional lattice site 
where it can contribute to the electrical activity. The model involves the separation 
of the impurity by the diffusion of gallium or arsenic atoms to the complex and an 
interaction which splits the complex and annihilates the vacancy. An interesting 
point to note is that most acceptors species fall into a lower range of activation 
energy, by contrast the high values of activation energy are associated with donor 
implants.
The activation energy of Si implanted GaAs ,however, has been reported to vary
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widely from about 0.5 to about 1.5 eV (table 5.1). It was suggested that a low 
activation energy may correspond to an activation model similar to that of equation 
6.8 in which inactive silicon atoms occupying interstitial sites become electrically 
active by jumping into gallium vacancies as they diffuse close to the interstitial 
impurity as shown in equation 6.9 below.
Sii +  Vba ^  Sioa (6.9)
The energy required for this process is suggested to be about 0.5 eV. However, the 
results reported here suggest that silicon is incorporated into GaAs on both gal­
lium and arsenic lattice sites and that the concentration of interstitial silicon atoms 
therefore insignificant. Thus equation 6.9 is unlikely to be a correct explanation for 
our observations. The alternative which is also expected to have a low activation 
energy (0.5 eV) is site swapping:
+  Voa —^ (6.10)
The explanation for the high values of Ea for silicon activation is unclear, but prob­
ably lies in the breaking up of complex defects similar to that of other ion species 
such as Sn  and Se  in which the process involves the separation of the impurity from 
the complex followed by its diffusion to a nearby gallium (for Sn) or arsenic (for 
Se) vacancy, which it occupies in order to become electrically active.
6.5.2 The Model
The activation concentration obtained from Hall measurements is a net active con­
centration, that is, it represents the total concentration of donors minus the total 
concentration of acceptors. At certain annealing conditions, there should be a bal­
ance among donors {Sioaji acceptors (SiAa) and all other compensating complexes:
(6T1)
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(6%c* (& 12)
(6%A,--T4k) 0113)
although a number of other point defects might be present in the active layer but 
the effect on the electrical activation is assumed to be very small and is neglected. 
Let us first consider the compensating species in equation 6.11. Ionized S i atoms 
may attract each other through their long range Coulomb interaction to form the 
complex. It has been suggested by many researchers that this complex might be 
responsible for the low electrical activity measured in their experiments. However, 
considering the results from the flat damage implant (Section 5.3.3), the silicon
concentration in the flat damage region is approximately Ix  10^ ®cm“ .^ Thus, on
average the distance between adjacent silicon atoms is approximately 100 Angstrom. 
On the other hand, after annealing at 750^(7 the concentration of vacancy type 
defects remains approximately 3 x 10^ ®cm“  ^which corresponds to them being about 
30 Angstrom apart. Therefore, it is less likely that the compensating pair in equation 
6.11 will be formed, because the silicon atoms are closer to vacancies and are more 
likely to interact with them to form complex defects (as equations 6.12 and 6.13).
Furthermore, it was suggested in Section 6.4 that the activation mechanism for the 
flat damage implants is likely to consist of complexes involving vacancies. Hall meas­
urements (Figure 5.21) and defect profiling with variable energy positrons (Figure 
5.22) from flat damage S i implanted GaAs clearly show that there is a reduction of 
vacancy or vacancy-like defects when annealed from 750°(7 to 900°(7 for 10 seconds. 
However, there is little increase in the number of carriers. On the other hand, in 
another set of experiments (Section 5.3.1), a higher level of carrier activation can 
be observed in the same temperature range (Figure 5.9). It is believed that in the 
former experiment, the reason for the low activation rate probably lies in the forma­
tion of complexes between donors (or acceptors) and gallium (or arsenic) vacancies. 
It is evident from the vacancy defect profile that even after annealing at 750 or 
800°(7 the concentration remains high. Nevertheless, in the bulk region where these
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type of defects are few, good electrical activity can be observed even after annealing 
at 750°(7. Therefore, in the high damage region it is postulated that complexes
involving vacancies are formed:
Sioa +  Vca {Sica ~  L(?o) (6.14)
SiAa +  y  As {Si As — % 4g) (6.15)
For simplification, an explanation of the model using equation 6.14 will be presented 
below, with the assumption that a similar explanation is true for equation 6.15.
In order to break up this complex (eq 6.14) it is suggested that G a (or As for complex 
in equation 6.15) interstitials diffuse close by and occupy gallium vacancies. The 
energy required in this process is thought to be about 1 to 1.5 eV which is consistent 
with the analysis shown earlier (Figure 6.15) that the activation energy derived from 
the Arrhenius plot of defects concentration is 1.1± 0.4 eV which is considered to 
be similar (within experimental error) to the activation ene^y obtained from the 
averaged carrier concentration in the region of 0 to 0.6 (im (Figure 6.14) of about 
1.35 eV.
The model presented above assumes that gallium (or arsenic) interstitials diffuse 
certain distances before they find a sink, that is, find the complex and annihilate 
it. From the study of the diffusion of implanted zine in GaAs by Michael et al. 
[108] it was found that the diffusion coefficient of gallium self-interstitials at 750°(7 
is about 10~^^cm^5“ .^ Therefore, an estimated diffusing distance of gallium intersti­
tials after annealing for 10 seconds is about 2000 Ai^gWm, On the other hand, the 
average distance between each S i atom in a flat distribution profile of IxlO^^cm"^ 
is estimated to be only about 100 Ai^gslrom As a result, it is highly probable that 
the gallium interstitial will diffuse close to a silicon atom very quickly and therefore 
annihilate the complex in which it exists, (see eq 6.16).
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{Sioa — Vgo) +  Ga —)■ SiQa +  Gaoa (6.16)
6.5.3 Interpretation of M odel
The model presented above relies on the idea that inactive silicon is in the form 
of complex defects which most likely consist of silicon on substitutional sites and a 
neighbouring vacancy. The activation energy for the complex is believed to be in 
the region of 1 to 1.5 eV. This value can be compared to several activation energies 
of other ion species, such as Se  and Sn  for which the activation mechanism was 
suggested to involve the breaidng up of impurity-vacancy complexes. However, the 
low activation energy in the range of 0.5 eV as reported by many researchers still 
needs to be clarified by the model presented in this work.
It was pointed out earlier that the activation mechanism is believed to be associated 
with the level of damage introduced during ion implantation. There is an interesting 
observation to malce from the two set of experiments mentioned previously. In the 
first set (Section 5.3.1) the implant was performed to produce a uniform dopant 
distribution which results in a decreasing damage distribution from the surface as 
shown in Figure 5.8. On the other hand, in the second set (Section 5.3.3) the im­
plant was performed to produce a uniform damage distribution up to about 0.3 fxm. 
Figure 6.21 illustrates schematic diagrams of damage distribution for both implant 
schedules. It is evident from Hall carrier profiles that annealing at higher temper­
atures for sample set A  produces more carriers than for sample set B. The reason 
is unclear, it may be possible that the difference in the damage profile determines 
the rate of activation.
It is assumed that for decreasing damage experiments (A) compensating complexes 
(equations 6.14 and 6.15) are also being formed. Once the impurities become ionized 
through the annihilation of the complexes by gallium or arsenic interstitials, more
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Figure 6.21: Schematic diagram of damage distribution for implant performed as 
describe in Section 5.3.1 (A) and Section 5.3.3 (B).
carriers are being generated through the process of site switching of silicon atoms 
from arsenic to gallium sites (eq 6.10), for this process to take place a gallium 
vacancy is required and the generated arsenic vacancy is believed to diffuse away 
(Colombie repulsive). This process is thought to be greatly enhanced by the poor 
quality of encapsulant used by sample set A. As mentioned earlier this poor cap 
quality helps to promote the outdiffusion of gallium atoms, as a result, more gallium 
vacancies are generated in the active layer which will result in more n-type carriers 
through equation 6.10. Additionally, the gradient of damage profile could also help 
to speed up the diffusion of interstitials and vacancies, thus, a faster rate of complex 
annihilation and site transfer of silicon atoms may occur.
On the contrary, the carrier activation rate is low in the flat damage experiment (B). 
It is reasonable to suggest that the quality of encapsulant used in this experiment 
is far superior to that of experiment A. Therefore, the effect of gallium vacancy 
indiffusion on carrier activation is believed to be minimal. Another factor which 
might lead to a low activation rate is possibly the shape of the damage profile itself. 
The damage profile in this case is assumed to be flat, therefore, there is no gradient 
in the highly damaged region to facilitate the diffusion of vacancies and interstitials. 
Thus, the breaking up of complex defects as well as silicon site transfers are at a 
slower rate.
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6.5.4 Summary
It has been shown that from the study of defect evolution using the positron anni­
hilation technique a high concentration of vacancy defects is present after annealing 
at low temperature (750 - 800®C). It is likely that complex defects in the form of 
substitutional silicon with a vacancy are formed. The energy required to break up 
this complex is thought to be about 1 to 1.5 eV. A low value of activation energy, 
about 0.5 eV, has also been determined from sheet Hall effect measurements. This 
is suggested to be the energy required for silicon atoms to swop lattice sites, from 
S i As to Sioa', when a gallium vacancy diffuses close to a SÎas> The diffusion energy 
for this process is about 2.5 to 3.0 eV. The activation energy obtained from meas­
urements of sheet carrier concentration corresponds to a combination of the two 
activation mechanisms. Which of these is observed in an experiment depends on the 
implant conditions, the quality of encapsulant and the annealing conditions. The 
reported activation energy in the literature which was found to vary widely (from 
0.5 to 1.5 eV) can be explained by this model.
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Chapter 7
Conclusion and further work
7.1 Introduction
The activation mechanism of silicon implanted gallium arsenide has been studied. 
A simple model has been developed to best explain the incorporation of silicon 
impurities in gallium arsenide. Assuming the accuracy of table 4.1, it was found that 
total ionized impurity concentration is approximately equal to silicon concentration:
=  (7T)
This is a very important conclusion as it is believed to be the first time that con­
clusive evidence has been obtained that all the silicon atoms occupy substitutional 
lattice sites. The net donor concentration is determined by the relative concentration 
of silicon atoms on gallium and arsenic lattice sites respectively. It is also suggested 
that the silicon concentration is to a good approximation equal to the total ionized 
impurity concentration, unless the encapsulant allows a significant outdiffusion of 
gallium to occur. The results and the model developed from them implies that the 
concentration of silicon interstitials and other defects is small and can be neglected.
It was shown that the activation energy of S i implanted GaAs is in the range of 0.5 
to 1.5 eV. A model has been developed to explain these measurements which fits all 
published data, that is, it is possible to explain the variability in activation energy
125
of the published results.
The following sections briefly summarise the major findings of the research, con­
cluding with suggestions for future work.
7.2 Activation Mechanism
The model proposed involves the breaidng up of complex defects. The exaet form of 
the complex is not clear but it consists most likely of the substitutional silicon with 
vacancy. The electrical activation of silicon proceeds by the diffusion of gallium 
(or arsenic) probably in the form of interstitials until they find a complex defect 
and annihilate the vacancy it contains, thus breaking up the complex. The energy 
required in this process is thought to be about 1 to 1.5 eV while the diffusion energy 
for this process is about 2.5 to 3.0 eV.
However, the low activation energy in the range of 0.5 eV obtained from Hall effect 
measurements may correspond to the site swapping of silicon atoms from arsenic to 
gallium sites. For this process to take place it is suggested that a gallium vacancy 
diffuses close to the silicon acceptor with a diffusion energy of about 2.5 to 3.0 eV.
Most of the activation energies derived from the measurements of sheet carrier con­
centration in this work show a low value of about 0.5 eV. On the other hand, the 
damage recovery simulation, as well as other techniques, such as, average carrier 
concentration in the highly damaged region, generate high activation energies of 
about 1.2 to 1.5 eV. This indicates that the activation energy obtained from sheet 
carrier concentration measurements is in fact a combination of the two activation 
mechanisms mentioned above. Which of these is observed depends strongly on the 
irradiation damage introduced during ion implantation, the amount of which is con­
trolled by valions parameters, such as ion dose, dose rate, and implant temperature. 
Furthermore, annealing conditions as well as the quality of encapsulant material
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also play an Important role in determining the predominant activation mechanism.
The model presented above can be used to explain the observed activation energy 
which has been reported to vary widely (from 0.5 to 1.5 eV) in the literature.
It was also suggested that the decrease in activation at temperatures above the 
optimum annealing temperature (% 900®(7) is the result of self-compensation. It is 
believed that at high temperature, silicon prefers arsenic sites due to thermodynamic 
considerations, therefore, the material starts to become compensated.
7.3 Further work
During this work, some attempts were made to explain the results obtained from 
various measurement techniques, notably, the indiffusion of gallium in samples with 
a poor quality of encapsulant. This could be investigated further by performing 
positron annihilation measurements on poorly capped unimplanted samples after 
annealing at high temperatures. It may be possible to obtain information about 
the enhanced indiffusion of gallium vacancies at high temperature anneals which is 
thought to be related to the encapsulation materials.
A well calibrated PL measurement could also help to reveal the concentration of a 
particular complex defect in the active layer, which would help to clarify the doubt 
about the role of each complex species on the electrical activation.
The model could also be developed to explain the activation mechanism of other ion 
species in GaAs, e.g, of acceptor species (Be, Zn) which are thought to be similar to 
that of Si, and donors species(5. Se, Te, Sn) which are thought to involve complexes 
of impurity with vacancy.
The model can be applied to estimate the total concentration of impurities from Hall 
measurements after suitable annealing conditions. However, it would be of great
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benefit if this model could be developed to predict carrier and mobility profiles after 
particular annealing conditions.
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